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INTRODUCTION 


This report gives the results of a design study of a spread spec- 
trum transponder for use on the HEAO-C satellite. The transponder per- 
forms the functions of code turn-around for ground range and range-rate 
determination, ground command receiver, and telemetry data transmitter. 
The spacecraft transponder and associated communication system components 
will allow the HEAO-C satellite to utilize the Tracking and Data Relay 
Satellite System (TDRSS) subnet of the post 1978 STDN. 

Use of the TDRSS by HEAO-C is being considered for the following 
reasons : 

(1) The ground site subnet of the post 1978 STDN will include 
only six- to eight sites. 

(2) Reduction in the HEAO-C tape recorder requirement to only 
15 percent of an orbit recorded when out of view of the 
TDRSS. 

(3) Allows high real-time data rate transmission. 

(4) Near-continuous monitoring and near-instantaneous access 
leading to real-time command and control. 

In TDRSS terminology, HEAD is a medium data rate user. As such, 

depending on mission requirements, it could operate as a multiple access 

^ ^ ; ] 

or S-band single-access user. The transponder is designed to allow the 
use of either of these modes of operation under control of ground command 
This will allow for the greatest freedom in TDRSS scheduling, allow for 
growth in the HEAD experimental package, and still guarantee the most 
economical use of the TDRSS subnet capabilities. 


The transponder design includes an eleventh order gold code gen- 
erator operating at .6 M CHIP/SEC (MA) or 6 M CHIP/SEC (SSA) along 
with carrier and code-delay-lock loops for code acquisition and coher- 
ent despreading. The return telemetry data is coded by a K=7, V=3 
convolutional encoder. This allows a 6db coding-gain. 

Associated communication systems components have been specified 
by a previous report, and will be only briefly described in this report. 

Section 2 is a description of the present TDRSS subnet from the 
point of view of the user's interface. Section 3 is a general descrip- 
tion of the HEAO-C-TDRSS system configuration. Sections 4, 5, 6, 7, 
and 3 describe components of the HEAO-C transponder including the gold- 
code generator, convolutional encoder, and carrier and code delay-lock 
loops. 

Section 9 is a summary of the total spread spectrum transponder 
system, and section 10 is a list of reference literature. 


2. TDRSS SUBNET DESCRIPTION 

This section gives a description of the TDRSS subnet as it affects 
the HEAO-C as a system user. The transponder design allov/s ground com- 
mand programming as a MA or SSA user, so each of these TDRSS support 
features will be described. This material is from the June 10, 1974 
TDRSS Users' Guide (X-805-74-176). 

The Tracking and Data Relay Satellite System (TDRSS) concept con- 
sists of two geosynchronous relay satellites, 130 degrees apart in 
longitude and a ground terminal centrally located in the continental 
United States. Additionally, the system includes two spare satellites: 
one in orbit, and one in configuration for a rapid replacement launch. 
The payload of each Tracking and Data Relay Satellite (TDRSj is the 
telecommunications service system which relays communication signals 
between low earth-orbiting user spacecraft and the TDRSS ground ternii- 
'nal. A "bent-pipe’' concept is used in the design of the telecommunica- 
tions service system (i.e., all communication signals received at the 
TDRS are translated in frequency and retransmitted). 

The telecommunications link from the ground terminal to the TDRS 
to the user is called the fonvard link and will be used to carry user 
command data, tracking signals, and voice transmissions. The link from 
the user to the TDRS to the ground terminal is called the return link 
and will be used to carry user tel emetry data, return tracking signals. 


and voice. Both the forward and return links consists of a space-to- 
space link between the TORS and the user, and a space-to-ground link 
between the TORS and the TDRSS ground terminal. 

Each TORS provides the following two types of space-to-space com- 
munication links: 

a. Multiple-access System . One 10-element S-band phased array 
antenna system to support the forward link (command link) of 20 
users (time shared), and one 30-element S-band phased array an- 
tenna to support the return link of 20 users simultaneously. The 
spacecraft supported by this system are called Multiple-access (MA) 
users. 

b. Single-access System . Two 3.8 meter parabolic antennas, each 
operating at both S- and Ku-band. This configuration is called a 
single-access system because each antenna will normally support one 
user at a time. However, each antenna can support two users simul- 
taneously (one at S-band and one at Ku-band) provided both users 
are within thebeamwidth of the antenna. The user spacecraft sup- 
ported by this system are called Single-access (SA) S- or Ku-band 
users. 

The two-satellite TDRSS concept is illustrated in figure 2-1. The 
general TDRSS Frequency plan (TDRSS to user) is an follows: 

FORWARD 

(1) 2287.5 MHZ - MULTIPLE ACCESS^ 

(2) 2200 TO 2300 MHZ SINGLE ACCESS 

(3) 14.6 TO 15.25 GHZ SINGLE ACCESS 

RETURN 

(1) 2106.4 MHZ -MULTIPLE ACCESS 

(2) 2025 TO 2120 MHZ SINGLE ACCESS ^^^ 

(3) 13.4 TO 14.05 GHZ SINGLE ACCESS 



The elements of the TDRSS described by support mode are as follows: 


3-3 MULTIPLE-ACCESS SY STEM 


3.3.1 

FORWARD (COMMAND) LINK 



a. 

Antenna 

- 

10-element phased array, 23-dB 
gain, single steered beam per TORS. 

b. 

Frequency 

- 

2106.4 MHz, all users on same 
frequency. 

c. 

Bandv/idth 

- 

5 MHz. 

d. 

TDRSS signal EIRP* 

- 

34 dBw peak. 

e. 

Duty factor 

- 

Continuous. 

f. 

User command 

- 

Time shared between users. 

g* 

Command rate 

- 

100 to 1000 b/s. 

h. 

Modulation 

• 

PN spread spectrum. PSK (*90*^), 
biphase. 

i. 

Operation 


All users on same command frequency, 
users separated by user unique codes 
beam steered to desired user for 
duration of command and/or tracking 
sequence. 

j. 

Code type 

- 

Gold, length to be defined (as 2000 
bits/code) . 

*EIRP 

in direction of user. 



3.3.2 

RETURN (TELEMETRY) LINK 



a. 

Antenna 


30-element phased array (gain 28 
dB). 

b. 

Frequency 

- 

2287.5 MHz (all users on same 
frequency ) . 

Cv 

Bandwidth 

; .. ' 

5 MHz. 

d. 

Array beam forming 

■ 

All element combining/beam forming 
performed at ground terminal . Separ 
ate array beam formed for each user 
simultaneously. 
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Return link signal 
characteri sties 


Maximum single user 
telemetry rate 

Average user telemetry 
rate« 10 kb/s 


h. Support duration/user 

i. Data handling 
,j. Code type 

SIM6LE-ACCESS SERVICE 


- Code division multi pi ex/PRM spread 
spectrum modulation (tentative value 
3.0 Mch/s). PSK (t90°), biphase. 

- 48 kb/s. 


- Each user's supportable data rate is 
a function of the number, EIRP, and 
data rates of the other simultane- 
ously-supported users. 

- Continuous when in view of either 
TDRS (at least 85 percent of each 
low earth orbi t ) . 

- Data returned to user in real time. 

- Gold, length to be determined 
(= 2000 bits). 


GENERAL 

Each single-access system can operate at S-band (command and teleme- 
try), Ku-band (command and telemetry) , or both simultaneously. There 
are two single-access systems per TDRS. 

S-BAND SINGLE-ACCESS SERVICE 


Forward ( Command ) Link 

a. Antenna 

b. Antenna gain 

c. Frequency 


d. TDRS signal EIRP 
c. Bandwidth 
f. Duty factor 


- 3.8-meter diameter parabolic re- 
flector. 

- 35.4 dB. 

- 2025 to 2120 MHz. Each user at a 
separate frequency. 

- 43.4 dBw peak normal ; 46.0 dBw 

peak high power . 

1 

- 20 MHz narrowband, tunable over 
100-MHz band. 

-Scheduled as required on a contin- 
uous basis. 
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g. 

Modulation 

- PN spread spectrum. PSK (t90°), 
biphase. 

h. 

Return 

Desired user I.D. 
(Telemetry) Link 

- By beam pointing and frequency. 

a. 

Antenna 

- 3.8-meter diameter parabolic re- 
flector. 

b. 

Antenna gain 

- 36 dB. 

c. 

Frequency 

- 2300 MHz, users separated by 
frequency. 

d. 

Bandwidth 

- 10 MHz. 

e. 

Telemetry data rate 

- Up to 5 Mb/s. 

f. 

Spectrum spreading 

- Not required by TDRSS. 

g- 

Modulation 

A 

- PSK (+900) biphase (other modula- 
tion schemes available because TORS 
is a bent pipe and IF outputs from 
the receiver are available at the 
ground station). 


The required forward link PN spectrum spreading is as follows; 



EIRP 

FLUX DENSITY 

MA 

34 dbw 

- 154 dbw/M^/4KHZ 

SSA 

43.4 dbw 

- 154 dbw/M^/AKHZ 


The implied required chip rates (minimum) are: 

MA - .6M CHIPS/SEC 
SSA- 6.0 M CHIPS/SEC 
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3. TDRSS-HEAO-C SYSTEM CONFIGURATION 

The telecommunication requirements of the HEAO-C satellite for the 
two TORS system are assumed as follows: 


LOW RATE MODE 

2 TORS 

Forward Link: 1 kbps 

Command Channel 

Return Link: 6.4 kbps 

Real time tel emetry 

3,2kbps 

Recorded data 

9 .6 kbps 

TOTAL DATA RATE 

HIGH rate mode 

Forward Link : 1 kbps 

Command Channel 

Return Linki 128 kbps 

Real time experimental 
data 

Power link margin is specified as 6db 

for a telemetry BER of 1 


part in 10^. 

The low rate mode represents minimum requirements and could be 
serviced by the MA mode of the TORS. The high rate mode would require 
the SSA mode of the TORS, and allows for growth in the HEAO-C experi- 
ment package. 

The forward TDRS-HEAO-C link (command channel) is selected to 
have no error control coding* This avoids the implementation of a 
decoding algorithm in the spacecraft. Power link margin is specified 
as lOdb for a telementry BER of 1 part in 10^. 


Tables 3-1 and 3-2 are the forward link power budgets for the 
TDRS-HEAO-C link. They are for the multiple-access S-band case and the 
single-access S-band case, 

The forward acquisition sequence is divided into two subsequences. 
They are: 

(1) Acquisition on low gain antenna (HEAO-C) and reception 
of high gain antenna pointing commands. 

(2) Acquisition on high gain antenna (HEAO-C) and reception 
of spacecraft commands. 
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Table 3-1. Calculation for Multiple-access Forward Lir«k, 


BER 

T 

10'® 

TORS Antenna Gain (dB) 

23.0 

TORS Transmit Power (dBw) 

13.0 

RF Transmit Loss (dB) 

-1.0 

Transmitted EIRP (dBw) Peak (S+N) 

35.0 

TORS Transponder Loss (db) 

-1.0 

Peak Signal EIRP (dBw) 

34.0 

Antenna Pointing Loss (dB) 

0.0 

Signal EIRP (dBw) 

34.0 

Space Loss (db) 

-191.6 

User Antenna Gain (dB) 

1 ^u 

Polarization Loss (dB) 

-0.5 

Ps - Signal Power Out of User (dBw) 

-158.1 +G 




Ts (Antenna Output) {°K) 

Ts (dB) 

KTs (dBw/Hz) 

Ps/KTs (dB-Hz) 

Demodulation/Bit Sync Loss (dB) 
Demodulation Loss (PN) (dB) 
Residual Carrier Loss (dB) 
Required Eb/tio (dB-Hz) ( APSK) 
System Margin (dB) 

Achievable Data Rate (dB) 

Coding Gain 

Achievable Data Rate (dB) 


824 

29.2 
-199.4 

41.3 + Gu 

-1.5 j;': 

- 1.0 

0.0 

10.8 

-H 

28.0-M+G 

u 

Gc 


28.0-M+Gc+Gu 




Table 3-2. Calculation for Single-access Forward Link, S-band 


BER 

10 -« 

TORS Antenna Gain (dB) 

35.4 

TORS Transmit Power (dBw) 

11.5 

RF Transmit Loss (dB) 

-2.0 

Transmitted EIRP (dBw) Peak (S+N) 

44.9 

TORS Transponder Loss (dB) 

-1.0 

Peak Signal EIRP (dBw) 

43.9 

Antenna Pointing Loss (dB) 

-0.5 

Signal EIRP (dBw) 

43.4* 

Space Loss (dB) 

-191.6 

User Antenna Gain (dB) 

G 

u 

Polarization Loss (dB) 

-0.5 

Ps - Signal Power Out of User (dBw) 

-148.7 + 

Tj (Antenna Output) (°K) 

; 824 

Tg (dB) ’ 

29.2 

KT^ (dBw/Hz) 

-199.4 

iPg/KTs (dB-Hz) 

50.7 + 

Demod/Bit Sync Loss (dB) 

1-1.5 

Modulation Loss (PN) (dB) 

J -1.0 

Residual Carrier Loss (dB) 

* 0.0 

Required (dB-Hz) ( PSK) 

10.8 

System Margin (dB) 

M 

Achievable Data Rate (dB) 

34.4-M+Gu 

Theoretical FEC Gain R=3, K=7 (dB) 

Gc 

Achievable Data Rate (dB) 

34.4-M+Gc+Gu 









The achievable data rates during the two acquisition phases are 
summarized by table 3-3 


MA IIEAO-C (FORMAP.O) 



MARGIN 

Gc 

Gu 

DATE RATE 

PHASE 1 

8 

0 

0 

100 BPS 

PHASE 2 

10 

0 

20 

6.3 KBPS 



SSA HEA0«<C (FORWARD) 



MARGIN 

Gc 

Gu . 

DATA RATE .. ^ 


8 

0 

0 

436 BPS 


10 

0 

20 

27.5 KBPS 


Table 3-3 Achievable Data Rates by Acquisition Phase, MA and SSA: 

The data rates during the two stage acquisition for both the MA 

and SSA cases are selected as: 

PHASE 1 - 100 BPS ANTENNA COMMANDS 

PHASE 2 - IKBPS SPACECRAFT COMMANDS 

Tables 3-4 and 3-5 are the return link power budgets for the TDRS- 
HEAO-C link. They are for the multiple-access S-band case and the single- 
access S-band case. The return link (telemetry data) is selected to have 
erifor control coding. The code selected is a K=7, V=3 convolutional en- 
coding/soft-decision viterbi decoding. Power link margin is specified 
or +6db for a telemetry BER of 1 part in 10^. 
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BER 

User EIRP (dBW) 

10'^ 

EIRP 

. Space Loss (dB) 

-192.2 

Polarization Loss (dB) 

-1.0 

TORS Antenna Gain 0 +13°(dB) 

28.0 

P. at Output of Antenna (dBW) 

-165.2 + EIRP 

(antenna output terminals) (°K) 

824 

T (due to direct other user interference) 

255 

K(Tg + T.) (dBW) 

-198.3 

Ps/Kd^ + Ti) 

+33.1+ EIRP 

Transponder Loss (dB) 

-2.0 

Demodulati on Loss (dB) 

-1.5 

PN Loss (dB) 

-1.0 

AGIPA Loss (dB) 

-0.5 

System Margin (dB) 

-M 

Required E|j/Nq (10'%ER), aPSK 

-9.9 : 

Achievable Data Rate (dB): 

i 18.2-M+EIRP 


6.0 


FEC Gain, R = 3, K =7 (dB) 
Achievable Data Rate (dB) 


24.2-M+EIRP 








Table 3-5. Calculation for Single-access Return Link, S-band 


BER 

10*^ 

User EIRP 

EIRP 

Space Loss (dB) 

-192.2 

Pointing Loss (dB) 

-0.5 

Pol . Loss (dB) 

-0.5 

Pg at Output of Antenna (dBW) 

-157.2 + EIRP 

TORS Antenna Gain (dB) 

36.0 (50%) 

T| (because of direct other 
user interference) (°K) 

mm. mm mm ^ 

Tg (Antenna Output Terminals) (°K) 

824 

KTs at Output of Antenna 

-199.4 

Ps/KTs 

42.2 + EIRP 

Transponder Loss (dB) 

-2.0 

Demodulation Loss (dB) 

-1.5 

PN Loss (dB) 

0.0 

Residual Carrier Loss (dB) 

0.0 

AGIPA Loss (dB) 

0.0 

System Margin (dB) 

-M 

Required Eb/NQ, aPSK 
Achievable Data Rate (dB) 

-9.9 

25.8 + EIRP-M 

EEC Gain, R =2, K = 7 (dB) 

6.0 

Achievable Data Rate (dB) 

31.0 + EIRP-M 
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The HEAO-C return link EIRP is selected to be 24.8 dbw with the 
antenna system selected previously (FINAL REPORT N6R-01-001-021). The 
achievable data rates are summarized in table 3-6. 


MARGIN 


MA HEAO-C (RETURN) 


24.8 dbw 


19.9 KBPS 


SSA HEAO-C (RETURN) 


liTiffMrM 


24.8 dbw 


229 KBPS 


The power link budgets shows that the multiple-access mode is 
sufficient for the low-rate HEAO-C with a growth factor of two. Th 
S-bahd single access mode is required for the high rate HEAO-C with 
a growth factor of two. 







4* GOLD-CODE GENERATOR 




The HEAO-C transponder will require an eleventh order gold code 
generator. This is required for the multiple-access mode and is se- 
lected for the single-access mode to provide range and range-rate data 
to the ground HEAO control . 

This section gives the gold-code selection procedure, the results 
for synthesis of eleventh order codes, and a design of the generator. 

Gold codes are a particular type of a larger group of sequences 
called non-maximum length. A sequence generating structure is de- 
scribed by its characteristic polynomial , and characteristic polyn- 
noinials can be divided into subgroups as shown in figure 4-1. 





If the polynomial (describing a generating structure) is factorable, 
then the sequence depends on initial conditions and in general the sequences 
produced (Non ML) depends on initial conditions, and the sequences have 
different lengths. 

If the polynomial is irreducable then all sequences out are of the 

2 3 4 

same length. Example: 1+x+x +x +x gives three sequences of period 5*. 

If the polynomial is prime (irreducable) and primitive (maximal) 
then the sequences generated are maximum length. 

Irreducible polynomials are tabulated in several coding references 
including Peterson's book on error correcting codes. 

If the polynomial factors into two primitive irreducible polynomials 
of same order, n, then it gives 2*^+1 codes of length 2'^-l and is a can- 
didate gold code generator, also it gives codes of length 2(2"-l). 

If the polynomial factors into two primitive irreducible polynomials 
whose code lengths are relatively prime, then it gives 1 code of length 
(2'^*-l) and is a hybrid-sum sequence. 

If the polynomial factors into primitive irreducible polynomials or 
irreducible polynomials whose code lengths are not relatively prime, then 
it gives non-ML sequences of different lengths with initial condition 
dependence. 


Examples of the different types of polynomials are as follows: 
PRIMITIVE; x^+x^+l 

IRREDUCIBLE (NOT PRIMITIVE); x^+x3+x2+x+l 

NOT IRREDUCIBLE; x6+x3+x2+x+l=(x^+x3+l) (x^+x+l) NON-MAXIMAL 

x7+x5+x4+x2+i=(x4+x3+i) (x3+x2+i) hYBRID-SUM CODE 
xlO+x9+x7+x+i=(x5+x4+x3+x+i) (x5+x3+l) GOLD CODE 
As an example of the listing of irreducible polynomials, the ir- 


reducible polynomials of order 6 from Peterson are 


Polynomial (OCTAL) 

Binary 

Polynomial 

103 * 

110000100 

l+x+x6 

127 

111010100 

l+x+x2+x4+x° 

147 * 

111001100 

l+x+x^+x^+x® 

111 

100100100 

l+x3+x® 

015 

101100000 

l+x2+x| 

155 * 

101101100 

l+x2+x3+xP+xo 

007 

11 1000000 

l+x+x2 

♦PRIMITIVE 

There also exist the 

reverse code polynomials 

(not shown by Peterson) 

Polynomial (OCTAL) 

Binary 

Polynomial 

141 * 

100001100 

l+x®+x® 

165 

101011100 

l+x^+x4+x5+x® 

l+x+x4+x3+x® 

163 * 

110011100 

111 

100100100 

l+x3+x® 

013 

110100000 

l+x+x3 

133 * 

110110100 

l+x+x3+x4+x6 

007 

111000000 

l+x+x2 

Gold codes are useful 

in cornnunications systems with multiple users 

on the same channel. With gold codes, user seperation can be achieved 


with code division multiplexing. Figure 4-2 illustrates a multi-station 
communication system as is the case in the multiple access mode of the 


TDRSS. 



FIGURE 4-2 MULTI -STATION COMMUNICATIONS 


The use of gold codes (Pseudo -Orthogonal Codes) allows effective 
code division multiplexing by minimizing code cross -correlation. 

As a review of correlation of codes consider the two sequences: 

(a) 1110 10 0 

(b) 10 0 10 11 

Define correlation as eab (a) = Na - Nd (4-1) 

where Na: No. of agreements 

Nd: No. of disagreements 
l : Phase shift 
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For the codes shown/ the cross-correlation as a function of code 
phase difference Is: 


eab (0) = -5 
eab (1) = +3 
eab (2) = +3 
eab (3) = -1 
eab (4) = +3 
eab (5) = -1 
eab (6) = -1 


The following transformation in the ''logical 1" and "logical 0" 
digits of the code can be made: 

If— 


With this transfonnation, the cross-correlation can be expressed 
eab it) = a(k)b (k+t) 


(4-2) 


For the example given the cross-correlation function is shown 
in figure 4-3; 



Figure 4-3 Example code cross-correlation 

The code cross -correlation unbalance is calculated by integrating 
over all possible code cross phase positions. 

L - 1 

E dab (t) = 1 

L = c (4-3) 


Now a phase coded spread spectrum signal can be represented as: 


s(t) + aofo(T) + a,fo(T-A) + a2fo(T- 2a) + 

m 

» z: a|f^(T-iA) 

1 =-^ 


Where f is the general representation of the carrier waveform 
and the “a" terms are the code digits. A matched filter receiver for 
this particular waveform can be formed as illustrated in figure 4-4. 




Figure 4-4 Matched filter receiver for spread spectrum waveform: 
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The receiver has Impulse response 


h(T) = b(n-l) 5 (t-a) + b(n-2) 5 (t-2A) + 
»-l 


h( 




b(n-l-k) 6{T-A{k+ll) 


(4-5) 


k=0 


The receiver output for a general signal Input (a{t) ) is 
0(t) = ^ s(T)h (t-t) dT (4-6) 


Now substitude h(T-T) and s(t) into (4-6) 

n-1 

0(t) = ai fo (T-iA) \ b(n-l-k) 6(T-T-A{k+1}) dT (4-7) 



i=-a k=0 

How performing the integration over T, solving for 5(0) condition, 

T=T-A(k+1), 

and obtain 


(4-8) 


« D-1 

0 (t) = y y aj fo (T-A{k+i+l} ) b(n-l-k) 


(4-9) 


i=-o k=0 
let 

5= k+i+l 
then ® 

0(t) = 


(4-10) 


a(6-k-l) fo (t-A5) b(n-l-k)^(4-4n ' 


now let k=0 

5 - n-l-k 

then “ ""1 

0(t) = 


^ 1 - 12 ) 

a(c^C-n) b(c) fo (t-A6) (4-13) 


c *-• - / =0 

Now, the period of the code is n, so the waveform s(t) is cyclic over n, 

ai +C) b(c) fo (|r-46) 




c*“* /»o 
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0(t) = 


(4-14) 


now 


n>l 

5 


a{5+5) b(C) = Oab ( 5 ) 


which is the cross-correlation function, 
then a 

0(t) = ^ eab(e) fo (t-a?) 

5=-o» 


(4-15) 


(4-16) 


and the output of the matched filter receiver- depends on the cross- 
correlation between codes "a" and "b". 

If "a" and "b" are the same ML sequence, the output is small except 
when 5=0, ore is an integer multiple of n i/here 

n=2" -1 (4-17) 

and where N is the order of the code. For example if M=12, N=4095 and 
0,,,Ax N = 4095 fo (t-A5) (4-18) 

now if "a" and "b" are not the same ML sequence eab ( 5 ) can be large. For 
the case N = 12 for "a" and "b", but "a" and "b" not both same sequence, 
eab ( 5 ) can be as large as 1400. This is a large cross correlation for 
codes that are to be used in code division multiplexing. Now consider 
codes generated from multiple polynomials as shown in figure 4-5. 
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• - j. £i. f2 

I 


POLYNOM IAL 
l+x+x3: 




Figure 4-5 Multiple polynomials generating structure. An equivalent 
generating structure can be found as shown in figure 4-6. 


(1+x+x^) (l+x^+x^) = l+x+x^+x^+x^+x^+xfi 


(4-19) 


i- ■■ i 
1.. : 


I'i 



The output sequence depends on initial conditions. Figure 4-6 
equivalent generating structure. Now consider the example shown in 
figure 4-7. 













1 




FIGURE 4-7 CODE GENERATING STRUCTURE 

If the shift register polynomial has (1+x) as a factor, then if it 
generates sequence "a" it will also generate a (the compliment of "a"). 
This is obvious because (1+x) will generate a "1" or "0" all the time 
depending on initial conditions. 

If sequences "a" and "b" can be generated in a shift register, then 

a®b can also be generated. 

la -»-a (initial conditions la generates a) 

Ib ->b (initial conditions Ib generates b) 

Then la ® Ib -+a b 

Now further consider the cross correlation between two sequences of 

:period.-n;- ; 

r V eab (z) >’ Na-Nd • 
n = Na+Nd 



I 
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(4-20) 

(4-21) 


where n=2^^-l or 


eab (t) = n-2nd 


where Md is the "naming distance." 



The question in optimizing a multiple access code division mutiples 

system is "How do you pick pairs of ML codes with minimum eab («,)"? 

Consider the basic theorem from error correcting code study. 

Theorem : Let®<be any primitive 2^-1 root of unity. Let fi be the 

minimal polynomial of®^* 


Let 

gk(x) + 


1 + X 


( 2 ^- 1 ) 


fl(x) X f2(x) xfj (x) + f ( x ) 


(4-22) 


where there are no repeats in the f terms then 
a»bcV(g|^)^ ||a+bU>k 
where 

V (f): The set of all sequences ||a+bi| = Nd: The 
hamming distance 

^ is a coset group, i is the 1 able from the table f{ (x) is the polynomial 
with lable i. The table below gives an example of coset groups and equiv- 
alent lables (5th degree) 


MOD 31 


1 

2 

4 

8 

16 

3 

6 

12 

24 

17 

5 

10 

20 

9 

18 

15 

30 

29 

27 

23 

7 

14 

28 

25 

19 

11 

22 

13 

26 

21 


As an example of the use of the theorem for 5th degree codes Select 
k*5 (arbitrary). Then 


1+x 


31 


Ux 


31 




P P P 
*^1 3*^5 


(4-23) 


Where repeats from the coset group table have been eliminated. 


IF 


i,b t V f ^ 

lW5/ 


lia+bil - Nd>5 


The hamming distance is greater than 5. Asa second example select 
k=30. Then 


930 M - 1+X 


i.3l 


= 1+x 


31 


fjfg 


'30 




Where all coset repeats are eliminated 

93o(x) - 1+x 

because 

^^1^3 “ 1+x ^ 
a, be (1+x) ila+b ll>30 

Since a: sequence of 31 "1" 

b: sequence of 31 "0" 

it is seen that Nd = 31>30 


(4-24) 

(4-25) 


(4-26) 


(4-27) 


The maximum value of the code cross -correlation function can be 
bounded by use of the follov/ing theorem: 


Theorem: If a, be V(g|^) 

Proof: If a, be V (gj^) 

then a+be V (gj^) 
and a+bc V (g. ) 

K 

from the first theorem 


II a+b II >k 
or 


(eab|< 2‘'*-l-2k 

(because la Ib ->b, la+Ib ->-a+b) 
(because (1+x) is a factor of gK(x)) 

/ 

II a+b II >k 


Ji 


II a+b I! = ( {2 -1} - li.a+bH ) >k 


I 


a+b 


<(2^-1) -k 


II a+b II >k 


k< i iia+bll <(2'-l) -k 

-2k >-2 |la+b|l , >-2(2'^-l) + 2k 

-{(2*^-1) -2k} <(2'^-l)-2 ||a+b|l <(2^^-l)-2k> 

OR 

|(2^^-1) -2,ila+bll I <2^-l-2k 
OR 


I eabl 


2^^-l-2k 


(4-28) 
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This theorem gives the method for selecting g^ which generates 
sequences a, b,-*» such that the cross-correlation function is 
bounded . 

N 

As an example consider the case N-5, 2-1=31, k=4, for this case 


I eabl < 31-8«23 


and 


= 1 +x 


31 


p3(x) 

^1^3^5^15^7'’ll = ( 1 +x) P 5 P 15 P 7 P 
Pl^3 


11 


= (1+x) (l+x+x^+x'^+x^) (l+x^+x^) (l+x+x2+x3+x^) (l+x+x^+x^+x^) 

A polynomial of degree 21, as a second example consider the case 
N=5, k= 6 : 

[eabl < 31-12+19 

gfi = 1 +x^^ = (1+x) P1P3P5P15P7P11 = (1+x) P15P7P11 


P1P3P5 


^ 1 ^ 3^5 


A 16th order polynomial , as a third example consider the code N=5, k=10: 
[eabl < 31-20+11 : 

^10 " (1+x) PiP3p3P7PiiPi^ = (1+x) PiiPis 


where coset repeats in the denomination have been elimihated. Actually 
l0ab|<9 for this case because |9ab| cannot be an even number for odd 
code lengths. 

We now have a procedure for selecting polynomials with bounded cross 
correlation, that is: 
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(1) Form 


P1P3P5P11P15P7 
^1^2 ”*^k 

the (1+x) Factor just produces compliment sequences 

(2) Take k as large as possible leaving one pair in the numerator 

9 l 0 = (1+x) P11P15 

(3) Then |eabl is optimally bounded. For example 

|9ab| <11 (actually |eabj <9 since eab is not even) 

If we let 



Then I eab 1 <11 

The value of k such that one pair is letf gives minimum cross 
correlation. The pair of remaining polynomials are the prefered 
pair. 

This is the basis of gold codes, developed by Robert Gold. The 
following theorem is the form usually seen in discussions of gold codes 


Theorem Let fj (x) be a primitive polynomial of degree II 
Let x^ (The 1 is the lable) be a root of fj^ (x) 

Let f 2 (x) be the irreducible polynomial such that 
2^^^ +1 is the root of f 2 (x) for M -odd 

2^^^^^+l is the root of f 2 (x) for N-even 

Then if a and b are sequences such that 
a: generated by f^(x) 

b: generated by f 2 (x) 


Then 

I eab I 



2 1^+1 N - Odd 
2 ^ + 1 . n - Even 
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For example consider the polynomial 


fj (x) = 1+x^+x^ : 

2^— +1 = 5 

fr- (x) = 1+X+X^+X^+X^ 

If ai: fj (x) 

b: fg (x) 

Then jeab] < 9 

If it v/ere required to use label 7 from the 5th degree coset group 
that could be done as follows: 

7 (1,5) + (7,35) -> (7,4) ^ (7,1) 

and polynomials with 5th degree coset lables 1 and 7 become the preferred 
pair. Other possible preferred pairs of this degree are: 

(1,5) -+ (3,15) 

(1,5) -^(11,55) (11,24) ^ (11,3) 

(1,5) -^(15,75) (15,13) (15,11) 

U 

There are 2 +1 different codes in the psendo orthogonal code group 
for a preferred pair of polynomi Is of degree M. 

To illustrate gold code cross correlation for the 5th degree, preferred 
pair fjjfjg a demonstration system was constructed. Now 
fjjfjg = (x^+x^+x^+x+1) (x^+x^+1) = x^^+ x^+x^+x+1 
and the generating structure is shown in figure 4-3. 
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Figure 4-8 Generating structure for 5th degree preferred pair with 
coset Tables 11 and 15 

Two of the generators of the form shown in figure 4-8 were con- 
tructed along with a cross-correlator. Each generator wasdriven by a 
separate clock signal in the system shown in figure 4-9. 





















Figure 4-10 Is a photograph of an oscilloscope trace of the output 
of the correlator, and shows an example cross-correlation trace (lower) 
with a code auto-correlation trace (upper). The auto-correlation func- 
tion has peak value of 31 (degree 5 code). The gold cross-correlation 
Is bounded by 


eab| < 9 and 


eaa MAX 
eab MAX 


= 10.7 db 


and, as seen In the trace, actually takes an the values 7,-1, and -9. 



Figure 4-10 gold code auto and cross correlation waveforms. 


The results shown In figure 4-10 for the cross-correlation between 
5th order gold codes can be compared to the cross-correlation between 
maximum length 5th order sequences. Figure 4-lOB shows the calculated 
cross-correlation for the codes (5,3,0) and (5,2,0). These are mirror 
Image ni-sequences. The cross-correlation advantage of the Gold code Is 
1.7db. More pronounced cross-correlation or code Interference advan- 
tages are found for higher order gold codes. For example for 12th order 
codes I eab [MAX can be as large 1400 for "a" and "b" being ML codes. The 
equivalent gold family has leab|MAX < 129 which gives a cross-correlatlon 
advantage of 20.7db. 



FU6URE 4-lOB • Comparative autocorr«latlon and croBscorrelatlon 

for 31 bit mirror image m-sequences. 


31 bit m-sequence (5, 3 ) 
autocorrelation 



[S« 3) • |5, 2) (mirror images) 
crosscorrelation 
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TORS user guidelines have specifed that multiple access users will 
share the TORS MA channel by code division multiplexing, and that SSA 
channels will be PN spread spectrum at least on the forward link. In 
the case of the MA channel the code family for code division multiplex- 
ing has been selected as a Gold code group. Each MA user will be 
assigned a unique member of this family. TORS user guidelines suggest 
that this code will be approximately 2000 bits in length. For the 
purpose of this design study, an 11th order gold code generator was 
selected. This generating structure is capable of producing a family 
of 2049 pseudo-orthogonal codes of length 2047 bits, The gold codes 
in the family will have cross correlation limited by |0ab| < 2^^ +1 =65 
and a jamming immunity to other MA channel user of 20 log (2047/65)= 30db. 

There are 176 primitive eleventh degree polynomials. The size of 
the coset table would be 11x176 members. The lables for the preferred 
pair of polynomials can be calculated by using the previous theorem. A 
preferred pairwould be primitive polynomials with labes 1 and 2^^+l, 
or lables 1 and 33. The primitive polynomials for these two coset lables 


are: 

1 : x^^+x^+1 (4005 OCTAL) 

33; x^^+x^°+xV+x^+xV+x^+ 1 (7335 OCTAL) 

The characteristic polynomial for the code generating structure is 
x^^+x^ ^+x^°+x ^^+x ^ ^+x^ ^+x ^ ^+x ^ ^+x ^ ^+x^+x ^+x ^+x V 1 
and the particular gold code generated would depend on initial loading 
of the generating register. 

The gold code generator design is composed of the foil owing parts : 

(1) Generating register 

(2) Code feedback logic 

(3) Initial loader 

(4) Code generation monitor 

4-21 . 


I 

I The generating register includes twenty-two storage stages, and the code 

feedback logic is designed to implement the given characteristic polyno- 
mial. Since the gold code generated depends on initial loading of the 
j register, and since a unique gold code will be assigned in the MA user 

configuration, an initial loader will load a word into the register to 
I insure the generation of the proper code. A code generation monitor 

I will track the code being generated and make sure the proper gold code 

^ is being generated during operation of the transponder. 

Figure 4-11 is an overall block diagram of the gold code generation. 
The operation of the code initial loading and reload logic is as follows: 

Initial Load 

1. SET i 2047 TO ALL ZERO WORD 

2. SET GENERATING REGISTER TO INITIAL CODE WORD 

3. START GENERATOR 

Reload 

1. HALT GENERATOR 

2. SET i 2047 TO ALL ZERO WORD 

3. SET GENERATING REGISTER TO INITIAL CODE WORD 

4. START GENERATOR 

The reload sequence is initialized by the occurrence of two i 2047 
count pulses in the sequence with no code word correlation pulse occur- 
ing during this period. 
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FIGURE 4-11 GOLD-CODE GENERATOR 






Figure 4-12 A and 4-12 B are the electrical schematics of the 
code feedback logic and the generating register. The unit uses in- 
ternal feedback which limits the gate delay problem that would exists 

if the characteristic polynomial x^^+x^^+x^°+x^®+x^^+x^^+x^^+x^^+x^°+ 

7 5 3 

X +x +x +1 were implemented with external configuration. This would result 
in eleven (11) gate delays in the feedback logic. 

Figure 4-13 is the code word correlator and initial loader. Figure 
4-14 is the * 2047 network and the reload logic. The following symbols 
used in the drawings are defined as follows: 

F - CLOCK LINE 

C - GENERATOR RUN COMMAND LINE 
D - GENERATOR RELOAD COMMAND LINE 

L - GENERATOR RELOAD LINES TO BE CONNECTED TO T OR U LOAD LINES 
DEPENDING ON WORD TO BE LOADED 

B - INTERNAL FEEDBACK LINE 

P- WORD CORRELATION PULSE LINE 

Y - 2047 COUNT PULSE LINE 

R - RELOAD COMMAND LINE 

The C-line is connected to the U-line and the D-line is connected 
to the T-1 ine. 

The reload and internal feedback feature make this generator de- 
sign safe for the high spread transponder for spectrum spreading and 
range and range-rate tracking. 
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5. CONVOLUTIONAL ENCODER DESIGN AND DECODER ALGORITHM 
(a) Error Control Coding 

A previous study of possible coding schemes for digital data in a 
satellite relay communications link has concluded that convolutional 
encoding in conjunction with soft-decision Viterbi decoding gives 
favorable performance gain with minimum increased hardware complexity. 

Figure 5-1 is a result of a computer simulation of a rate 1/3* 
constraint length 7 convolutional coding scheme with a 3-bit soft de- 
cision Viterbi decoder. As can be seen from the figure, at a bit error 
-5 

rate of 10 , a G db coding gain results with coded ideal coherent PSK 

as compared with uncoded ideal coherent PSK. Figure 5-2 is a diagram 
of a rate 1/3, constraint length 7 convolutional encoder. 
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Figure 5-2 K=7, V=3 Convolutional Encoder 
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Figure 5-1 - Simulation results for K = 7, V — 3 
convolutional encoding/ soft- decision VI terbl 
decoding 
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The modulo«2 combiner forms a modulo»2 combination of selected 
register stages to form each of the three commutator nodes.. 

This can be expressed as 

“ ^%l,®2i,***®71^* (5-1) 

and 

7 

G. = E g,.X- MOD-2 (5-2) 

j=l 

where Is the contents of the jth shift register stage and g^^. Is 
0 or 1 depending upon whether the jth stage contributes, modulo-2, 
to the 1th commutator pole. 

The operation of the encoder Is as follows: The binary message 

may be much larger than the constraint length. The first bit of the 
message Is switched Into the shift register, whose other stages are 
logical zero, and a complete cycle of the commutator Is made. The 
next bit of the sequence Is switched Into the register, the Initial 
bit shifted to register stage-two and another sfytchronous cycle of the 
commutator Is made. Using the synchronous shift and cycle procedure 
the message sequence Is encoded. At the end of the binary message 
seven zeros are attached, and when they are shifted Into the. register 
and accompanying code generated by the commutator, the shift register 
Is In the all zero state once more. For an L - bit message , 

L « 3(L+6) (5-3) 

c 

bits from the coded message. 

Decoding may be accomplished by sequential or Vlterbl alg^^lbhms. 
The sequential decoding method may be described as a tree searching 
procedure, the exact details depending upon which particular algorithm 


Is being used. The decoding procedure is best described by example 
K -• 7 is large for the purpose of an example* so a K = 4* V = 3 
example is given. 

The tree structure for a K = 4, V = 3 truncated code is shovnri 
in figure 5-4. The encoder for the code is shovn in figure 5-3. 



Figure 5-3 Encoder for tree structure of figure 5-4, K=4, V=3. 
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As an example assume the message 

X=(1011) (5-4) 

Is to be transmitted* The encoder of figure 5-3 provides the coded 
messaget 

Y=(lll, 010, 110,110). (5-5) 

Assuming the channel introduces the noise 

N=(100,101,000,010), (5-6) 

the received code Is 

R=(011,lll,110,100). (5-7) 

The sequential decoder will form the quantity | 

di=.[R^,Y^J/ ( 5 .,) 


vh^re 1 represents the 1th three bit sequence^ w represents the 

I - ^ . 

weight function, and d^ Is called the Hamming distance. The decoder 

makes each decision at each mode of the code tree based on minimizing | 

the Hamming distance. However the declsloneare tentative, and If the 

decoder finds In successive steps that It has probably made a wrong 

bit decision It Is able to backtrack and try another branch of the 

code tree. 

In the example, the decoded message would begin 

C = 11.. (5-9) 

the initial decision for the second bit being made In error. Proceeding 
dovm the error branch however significantly large values of d^ are 
encountered. Backtracking and trying the 

0=10.. ’ (5-10) 

branch gives significantly smaller values of d^^ on successive steps* j 
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The decoder algorithm Is based on monitoring the statistical 
properties of the sum of d^^ as the decoder proceeds into the code 
tree* If the sum of the d^^ terms approaches a buildup rate of 
then the decoder declares an error and backtracks to a new branch. 

Expected buildup of the d^^ sura for the correct branch is PV 
where P Is the channel translsion probability for the binary symmetric 
channel. The branch decision criteron Is buildup somewhere between 
V/2 and PV. The decoder keeps track of the branches it has explored 
and avoids needless retracing of any branch. 


5-7 


The design selected for the HEAO-C transponder error control 
coding is the rate 1/3 » constraint length 7 convolutional encoder 
(K=7, V=3). The equations for the three commutator nodes are: 


= 

(1,0,0, 0, 0,0,0) 

(5-11) 


(1,0, 1,1, 0,1,1) 

(5-12) 


(1, 1,0,0, 1,1,1) 

(5-13) 


The encoder consists of the following components: 

(1) Input storage buffer 

(2) Word counter 

(3) Timing and control circuit 

(4) Encoding register 

(5) Half -adder circuits 

( 6 ) 


Three node commutator 


Figure 5-5 is the overall block diagram of the encoder. The data 
to be encoded is assumed to be organized in data frames of 64 data 
words, 32 bits being the length of each word. The 64th word is a frame- 
synchronization v/ord. The 2048 frame bits of data are encoded into 7488 
bits For the coded data frame. The data word Is organized by the en- 
coder into the form shown in figure 5-6. 


25-BIT DATA 


7 -BIT ZERO STRING 


(32-BIT) 


FIGURE 5-6 DATA WORD 


The operation of the encoding is as follows: 

(1) Input data is directed into a serial -in, serial -out buffer 
register. 

(2) The Word counter allov/s 32 bits of data to be encoded, then 
indicates end-of-data-word to the timing and control circuit. 

(3) The timing and control circuit inserts a ?-bit all zero string 
at the end of the 25 bits of data into the generating register. 

(4) The half-adders form three nodes as shown by equations 5-11 , 
5«12, and 5-13. 


(5) Under the control of the timing and control circuit the three 
node commutator samples the three nodes and places the result- 
ing digital sequence on the output line. 






































^g* 5-7 Three Node Connutator 









CK 

D a 

. copep 



DATA 



fOLDOUT FRAM-F 









6. GENERATION OF HIGH-SPEED MAXIMUM LENGTH DIGITAL SEQUENCES 


This section is the result of a study of sampled maximum length 
digital sequences. The purpose of the study was to establish the 
mathematical basis for the design of a high speed digital PSEUDORANDOM 


SEQUENCE GENERATOR FOR USE IN A SPREAD SPECTRUM TRANSPONDER SYSTEM. 
The proposed procedure for generating the high speed ML sequence in- 
volves sampling several slower speed ML generations. Figure 6-1 
illustrates the sequence generator. 



OUTPUT DATA STREAM 


Figure 6-1 HIGH SPEED SEQUENCE GENERATOR 
If there are K ML generators forming the sequence generator where 
K=2, an integer, then the commutation rate should be K times the clock 
rate of ML generators. Each generator is sampled once during a clock 
interval , and the output data stream vrauld consist of K digits during 
the clock-interval. The advantage of this configuration is that a 
higher speed digital bit stream can be generated with ML sequence 
generators operating with a clock-frequency that is only a fraction of 
the data-rate. 
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Specifically, if the data-rate is bits/sec. the required clock- 
rate is F„/K» For example, if it is desired to operate with a data 
rate of 40 x 10^ Bits/sec, and assuming K==4 (four ML generators) 
then the generator clock rates would be 10 MHZ. This allows the use 
of less-expensive, more-reliable digital components from lower speed 
logic families# The only component required to operate at the 40 MHZ 
rate is the commutating switch# 

One important technical consideration involved in the high 
speed sequence generator is the phasing of the maximum length sequence 
generators, shown in figure 1, to provide the desired output data 
stream# 

Sequence Generator Phasing 

The phasing problem can be stated: ”what initial phasing of the 

K ML-generators shown in figurefc*^! is required to provide the ML- 
sequence in the output data stream when the sampling procedure is 
used#^* The rule with K ML-generators for phasing the ith generator 
relative to the first generator is 

1# Advance by (i-1) [(Lrfl)/l<^bits 
or 

2# Delay by (i-1) [L-(Lrfl)/K3 Bits 

The rationale for the above choice of phase relation is as follows; 

1# Sampling a ML sequence provides a shifted version of the same sequence 
if the sampling rate is an integer power of two# 

2# Consider the synthesized sequence as being reconstructed from K, K- 
sampled versons of itself# 

3# Consecutive digits in a component sequence must be separated by 
K digits in the composite* ML sequence# 

4# Consecutive digits in the compositeML sequence must be separated by 
(Lrfl)/K bits in the component sequence# 

5# Arranging K^K-sampled sequenceg, each advanced by (W'l)^ bits 

relative to its adjacent sequence, and sampling from each as shown 
in figure^'l, must yield the same ML sequence# 
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As an example consider the ML sequence abcdefg* Sampling every 
Other bit yields acegbdf which must be a shifted version of the same 
sequence* Advancing this sequencing by (L-fl)/K = 8/2 = 4 bits 
yields bdfaceg* Synthesizing by sampling^in-turn|f rom the two 
sequence yields abcdef abcdef , which is the original ML sequence 
repeated twice* 

As a practical illustration consider the ML sequence generator 
with the characteristic polynomial 

G ca) = 1 + « + (1) 

The sequence generated by this ML generator is S(8)> where 

1 ^ S(g) 

( 2 ) 

and where 

L=.2'*- 1 (3) 

for an N-stage shift-register generator* For the generator in question 


s(g) =1 + g + g^ + g"'^ 


(k) 


which represents the sequence 1110100. Forming S ^2) by advancing the 
phase by 

(Ii+1)/K = 4 for K = 2 (5) 

■ is 

and sampling in turn from S(a) and S (3) yields 


lllOlOO 


11101001110100 


SEQUENCE: 

SEQUENCE 
Advanced 
by 4 BITS: 1001110 


as expected^ Performilng the similar analysis for K = 4 yields 

1110100 I 
1010011 ( 

1001110 ( 1110100111010011101001110100 . 

0111010 I 

The output for the sampling generator is 

s^(a) +a (s(a)a(^i)/2)2 = ss(a) 

For K=2 
or 

ss(a) = s^(a)(i+a^) . 

The sequence can also be expressed as 

SS(a) * (l-t«^)^/(G^(a)> MOD 2L (8) 

In general y for K component generators 


MOD 2L 


( 6 ) 


MOD 2L 


( 7 ) 


ss(a) = f 

i=l (9) 

z(i-l)(KL-L-l) 

ss(a) = > *• > ' ! ' f — 

" gV) mod KL (10) 


The synthesized sequence can be expressed as a shifted version of 
the original ML sequences^ 


ss(a) = a*(i4a^) s (a) 

for the case K=2, or in general^ 


ss(a) 





(i-l)L 


MOD 2L (11) 


MOD KL 


( 12 ) 


or 
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1 “ 


SS(*,=^ 




(i-ir 


MOD KL, (13) 


Equating (9) and (12) yields 
K 




K 


i^ 




i=l 


MOD KL, (14) 


or 


,(i-l)(KL-L) 


s (a)> . « 


+ s(a) 7 gCi-DL _ q 


1=1 


MOD KL. (15) 


For the case K=2 this reduces to 


s^(a)(i+a^l + a*s(a)(i-+«L) = o 


MOD 2L. (16) 


simplification of (15) yields 


s*^"^(a) + = 0 


MOD KL, (17-A) 


which must be satisfied by the sequence. 
Equation (17-A) holds because 


KL . 
z =1 


mod KL. 


ana 


K 




-(i-l)L 


K 


1=1 


(i-l)L 


(17-B) 
MOD KL, (17.C) 


If equation (17) describes the sequence generated by S(2) then 
G(a) I (S^“^(a) +zX) MOD KL. 


Now 


,K-1 


s‘^"(a) + a^ + a^c^^ra) 


G(a) 


G*^(a) 


MOD KL, (18) 


or 


G*^(a) I C(i-i«b + a*G*^"^ (a)) 

For the example • 


MOD KL. (19) 


G(z ) = 1 + Z+Z:'' 


and 


K = 2 


( 20 ) 

( 21 ) 






^ g + g^-hg^ 

G*^(g) l-fg^+g^ 

A similar example for 

G(g) = 1 + g^ + g^ 
where 

2 3 4 

S(g) = 1 + g + g + g 


MOD 14. 


(23 


represents the sequence 1011100 • 

A sampling arrangement for K=2, requires a delay = (L-l)/2=3, 
shown below 

observe for this case X— 4, 
and 

gH-g^)^"^-fg^G^''^(g) _ 1 + g^ + g^ 

G*^(g) 1 + gV g^ MOD 14, (21 

An algorithm to calculate X is as follows: 

1. Starting with the ajl zero (N-1) - tube generate the 
sequence, S(z), with the characteristics equation G(z)« 

2. Generate 5^(5!) From S(Z) Or G^(Z). 

3. Find X such that (1+g^)^"^ + g^G^"^(g) forms a recursi,ve 
relation that hblds over the all zero 2(N-1) - tuple of 
S^(z). 

Sample calculations are shown below For K=2, 

Sample 1* 

G(g) = 1 + g^ + g^ ( 25 ) 

0010111001 0 1 1 1 
CO 00 10 00 10 10 10 00 00 10 00 10 10 10 

;; \:;L4— 

1 + g^ + g^ (14g^4g-) = 1 + g^+g^ =-• G^(g) 


(26 
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• Sample 2 

G(«) = 1+2+2^ (27) 

00111010011101 

00 00 10 1010001000001010100010 

^ 

1 +2^ +2® (l-f2+2^) = 2(142^+2^) = 2G^(2) (20) 

A similar problem involves the phase of the sequence resulting 
from sampling a sequence at a rate 

r = 2® (29) 

with g an interger. For example^ 

G(2) = 1 + 2^+2^ (30) 

yields the sequence 

1011100 . 


Sampling this sequence with r=2 yields 
1110010 

which is a phase shift corresponding to 2^. 

As another example 

G(2) = 1+2+2^ (31) 

yields the sequence 

1110100 . 

Sampling the sequence with r=2 yields 
1110100 

which is a phase shift corresponding to Z^. 

A procedure for determining the phase shift can be found if an 
expression of the form S(2) can be found for the sequence formed 
as a result of sampling, and 

f(2) = 2’^S(2) MOD L. (32) 

If an ML sequence is sampled at a rate of 


MOD L 
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r=2 (33) 

L+1 

then an adjacent bit will be sampled (“^) bits after the 
sampled bit in the sequence formed from sampling. Extending this 
analysis^ a sampled sequence can be expressed as 


L-1 

2 


f(a) = S{z)) 

i=0 

MOD 2 

(34) 

or alternately 



L-1 



i==o 

MOD^ 2 

(35) 

For example, the sequence with characteristic equation 


G(2) = 


(36) 

and 



s(a) = 1 + + a^, loiiioo 


(37) 

x^Tith 



s^(a) = 1 + a® + a^^ + aM 

MOD 28 

(38) 

a^(a^)^s\a) = a + a^4a^+a^^ 

MOD 28 

(39) 

a^ (a^ )'^s^(a ) = a^4a^^4a^^4^^® 

MOD 28 

(40) 

^ a^(a)''^s‘^(a) === 

MOD 28 

(41) 

yields from equation (30) 



9 S 7 ft Q 19 14- 

f(a) = i+a4a^+a -fa -fa 4a^+e +a -+a 



4- 

MOD 28 

(42) 


lllOOlOlllOOlOlllOOlOlllOOlO 



Reference Sequences: 




1011100 = Z^S(Z) 1110010 = 

Z^S(Z) 1001011 

= z^s(z) oioiiio=as(zJ 

Sum Sequence: 




loooooooioooioooioooooooooob 

= [s^(«)]‘ 

MOD 

28 

010001000100000000000100 0000 

= [Z^S(Z)]^ 

MOD 

28 

0010000000000010000000100010 

= [Z^SCZ)]"^ 

MOD 

28 

OOOOOOOIOOOOOOOIOOOIOOOIOOOO 

= [ZS(Z)]^ 

MOD 

28 

1 110010111001011100101110010 

= f (2) 

MOD 

28 


Table 1 Formation of synthesized sequence for the CctSe 
G(Z) = 1 + 

The table above also illustrates the result of equation (30) 
Now from equation ( 37 ) * 


,i rr,L- 2i 




MOD ~L 


or the sequence must satisfy 


L-1 L-1 


L+1 L-1 


[S(2)] ^ 2 A = 0 


1(S(Z) 


U"* X. 

i=o i=o 


gi [zL-2ij 2 ^ gX 
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Also, . , L-1 

"T 


L+1 L-1 

2 . „x 2 „iL 


[S(2)] ^ ^ 2 + gX ^2 


i=o 


1=0 


G(2) 


L-1 


L-1 


L4-1 


L-1 

L-1 2 


[l-fg^] +Z^G‘^(Z)y Z 




1=0 

i=o 

(46) 

example if 

G(Z) = 1+Z+Z^ 


(47) 

S(Z) = 1-W ; 110 


(48) 

L = 3 


(49) 

and 

X = 2 : 101 


(50) 

for 

r = 2 


(51) 


Evaluating the terms in (i|.l) yields: 
L-1 

L 2 3 

(1+Z ) = 1 + Z 


(52) 


L-1 


L+1 


^ ^ = 1 + MOD 2L 


i==o 


1=0 


L-1 

[G(Z)] ^ = G(Z) = 1+Z + Z^ 


L+1 

[G(Z)] ^ = [G(Z)]^ = 1 + Z^ + Z^ 


(53) 

( 54 ) 

(55) 


Equation (46 ) becomes 
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g-fg^) + z^g-«+z^)(i+z^) = a4^^)(i4g^+g^) _ ,^3 


Notice that MOD (L+1 ) L, 
2 


(56) . 


or MOD 6, arithmetic was not used 


As a second example^ if 
G(2) = 1 + 2^ + 2^ 

S(Z) = 1 +2^ +2^ + 2^ ; 1011100 
L = 7 

and 

X = 5 

Corresponding to the sequence 1110010 formed by sampling. 

Evaluating the terms in (q-l) 

L>1 

(l-tz^) = (1+Z^)^ = 1 + Z^ + 2^^ + Z^^ 


L-1 

2 


L+1 3 

2 




1=0 


-2i^4 


1=0 


= l+Z^+Z^''^+Z^^ 


L-1 

9 

9 3 3 9 3 4 7 8 0 

(G(2)> = (1+Z^+Z'^r = 1+Z^+Z +Z +Z^-bZ 


L— 1 




i=o i=o 


z^' = 


1+Z +Z +Z 


(56) 

n 

(57) 

(58) 

(59) ' 

( 60 ) 
( 61 ) 

( 62 ) 

(63) 


(64) 
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and 


L+1 

[G(Z)] ^ = (1+g^+g^)^ = 1+Z®+Z^^ 


( 65 ) 


Equation (41) becomes 

( ) ( 1+z^+g^^+e^^ )4g^ ( i+e^-fe^+e'^+z^+e^4g^ ) ( ) 

l+Z®+2^^ 


( i+e^+e^'^+g^^ ) d+e^+z^-t^^4g^^-i^^^+z"^ ) (i+z^+g^^+z^^) # 


l+E®+g^^ 


(H«^+g^) (66) 


Notice for these two examples, (1+6) to finding X such that 

L-1 L-1 


q- fZ^) ^ + &^(G(Z)) ^ 

L+1 


[G(Z)] 

is a rational fraction. 

As another example, consider 
G(Z) = 1+g+Z^ 

S(Z) = 1+Z+Z^+g^: 1110100 
L = 7 


( 67 ) 


( 68 ) 

( 69 ) 

(70) 


and 


X = 0 

Corresponding to the sequence 110100 formed by sampling. 


Evaluating the terms in (46) 


L- 1 


. o- o 

[g(z>] ^ = (1+2+e ) = i+g+z‘^+z^4«®+e'+z 

L+l ■ 

(G(Z) ^ = 14«^+Z^^ 


2 i r,5 , „6 ,„7 ,„9 


and 


Equation (46) becomes 

( i+e^4z^^4e^^ ) ( i+z^+e^^+e^^4^^) (i+g+e^4g^+z^+g^+e^ ) 
(i+z^+z^^) 


( 71 ) 


(72) 

(73) 


( 74 ) 


Now if X=0 this becomes 
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4 TO 

i+z +g 


( l+Z^4«^^-+g^^ ) (Z ) ( 14«+g® ) 


. ( 75 ) 


The algorithm for finding the shift X for a sampling rate S=2 
(corresponding to sampling every other bit) is to find an integer X 
such that T 1 T 1 

L— I Xj— 1 

(14^^)^ + (G(g)) ^ 

LH 
(G(Z)) 2 

is rational , 

Now for the general case 
S=2* 

9an integer, 

the generalization of (43) becomes 


L+l 

S 


L+1 


L-fl 


z^[z^®^(s(z)3 ^ = z^s(z) ^ 

i=^ 


,iL 


For example with 


and 


G(Z) = 14Z^4Z^ 


S(Z) = l+g^4Z^4«^ : 1011100 


Sampling at the rate 
S=4 
yields 

1100101: 14«+Z^4Z^ 


(76) 


MOD ( 77 ) 


( 78 ) 

( 79 ) 

(80) 


or 


X=4. 


(81} 


Equation (77) becomes 


1 


i~~o i=o 

(82) 

Evaluating the term in (82)> 

S^(Z) = 1 + z + z^ + z^ 

(83) 

1 


z^ = Z^^4Z^ = 1 + Z^ 

(81+) 

i=o 



1 

i=o 

Substituting into (82) 


(l+g-W^+Z^Xl-W^) = 2^(1+Z^+Z^+Z^)(1+Z^) MOD(7)2 

(l+g+K^+Z^) = Z^(l+Z^+g^+g'^) MOD(7) 


Equation (77) reduces in general to 
L+1 

[S(Z>] ® = Z*S(Z) 


in general 
or 


L-fl 


G(Z)[((S(Z)) ^ + Z^S(Z)) 


and 


L+1. 


MOD L 


G(Z)|((S(2)) ® + Z*) 


(85) 

( 86 ) 

(87) 

( 88 ) 
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Breadboard Circuit 

A breadboard circuit was assembled to demonstrate the feasibility 
of using the sampling technique for generating high speed sequences* 

A (4,3,0) ML code was selected for the demonstration, and the circuit 
designed to generate and sample this sequence is shown in figure 6-2* 
The phasing function for the given code is 

P = (i-I) (^U = (i-l) (16) =-{i.l)(4) (92) 

K — 4 

The set of sampled sequences are 
S 

Sz-S 

Sz 

where S is the sequence at stage 1 of the generating register shown in 
figure6-2. The technique for generating the sequence shown in figure 6- 

t 

2 utilizes a technique for minimizing the number of stages required 
by the generating register* This method is useful when L is 
relatively small* The single register method requires 


N = (K-1) (Lfl) 
K 


(93) 


stagej while the separate register method requires 
N = Kn 

stage;* where n is the order of the code. 

For the configuration of figure 2 
N - 12/ 

while for separate generating registers 
N = 16 . 

For a caje where K= 16^ 

N = 15 : 

for the single register generator, and 
N = 64 

for the separate register generator* 


.yyi— 

















Figures 6-3» *+> 5 are photographs of an oscilloscope display of 

sequences generated by the circuit shown In figure 6-2.1" each case 
the upper trace Is the low-speed sequence generated by the feedback 
shift register, and the lower trace Is the high-speed sequence 
generated by the sampling technique. The rate of the low speed 
sequence corresponds to a 2.3 M BITS/ SEC clock, and the rate of the 
high speed sequence corresponds tO a 10 M BITS/SEC clock. 



Figure 6-3 

Trace*"^^^ Oscilloscope 

Scale; 5 V/DIV 
rizontal Scale: 1 /‘SEC/DI V 



Figure 6-4 


Sequence Oscilloscope 
Trace 

Verticle Scale 5V/DIV 
Horizontal Scale .'^AiSEC/DIV 



Figure 6-5 

Sequence Oscilloscope 

C 0 

Verticle Scale 5V/DIV 
Horizontal Scale .2/‘3EC/DIV 





6-B 250 M BIT/ SEC SEQUENCE GENERATOR 

USING EMITTER-COUPLED-LOGIC 

The next step in the development of high speed pseudo-random coders for 
Sp&ce appllca.'tibn was the construction of a 250 M BIT/SEC sequence 
generator. This unit was designed to utilize the sequence multiplexing 
technique as was the previous demonstration breadboard. The coder was 
designed with eraitter-Coupled-logic to obtain the sequence speed of 250 
M BIT/SEC. The coder was configured with two (4,3,0) 14L code generators 
designed with the MECL 10k logic family. These generators, operating at 
125 MHz are multiplexed to 250 MHz, The x2 multiplexer includes MECL 10k 
components and one MECL Illcomponent. 

The coder, designed for evaluation purposes, uses MECL 10k components 
with their controlled edge speeds so that wire-wraping could be used in the 
breadboard. The f aster edge speeds of the MECL I II logic prohibits .wire- 
wrap, and controlled Impedance lines must be used. 

Figure is the electrical schematic of the 2l50 M BIT/SEC coder. The 
fundamental sequence generator includes the first Me 10141 four - bit 
universal shift register and the Me 10107 2-input exclusive-or/exclusivc- nor. 
The MC 10131 type-D master- slave flip-flop and the second MC 10141 provide 
five clock periods of sequence delay for the multiplex operation. The MC““ 
10104 Quad 2-input AND gate chip provides a logical AND of each stage of the 
sequence generator and gives an indication of the all-1 condition of that 
register. ?'his provides a synchronization pulse once each repetition of the 
code sequence. 

The MC- 10216 triple line receiver is configured to operate as a clock 
generator. The second MG 10104 and the MC 1690 UHF prescaler type D 
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fIip>£lop perform the multiplexing operation operation of the two 125 MBIT/SEC 
sequences to provide the 250 M BIT/SEC sequence output* 

The phasing function for the x2-Mux operation for the (4,3*0) code is 

The set of sampled sequences are: 



-8 

S is the sequence out of stage 1 of the first MC 10141 and Sz is 
the sequence out of the fourth stage of the second MC 10141. 

The clock (MC 10216) provides four clock phases for the multiplex 

operation* These are labled CK, CK, CKQ, and CKQ* The third and fourth AND 

—8 

gates of the MC 10104 form CK*S and CK * Sz • The outputs of these two 
AND gates are combined using the ”wired-or** capability of the MECL 10 K 
family to provide 

CK • S + ^ • Sz"® 

At the input to the MC 1690* 

The first two AND gates Of the MC 10104 in the multiplexer and the OR 
gate internal to the MC 1690 form an exclusive-or operation between CK and CKQ» 
This effectively gives a frequency doubling operation. If CK is at a 125 
MHz rate, CK®CKQ is at a 250 MHz rate# The 250MHz synthetic clock exists 
only internal to the MC1690 chip. It does not exist on the wire-wrap board. 

Figure 6^7 shows the waveforms of the sequence generated by the 
circuit for two basic clock rates. In this figure the lower trace is the 
basic sequence and the upper trace is the composit high rate sequence 
resulting from the multiplex operation. At the time of this writing the unit 
has been operated at a composit 200 M BIT/SEC rate# It is expected that the 
full 250 M BIT/ SEC rate will soon be achieved# 
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110 Mliz (4,3,0) Code 
20 nsec/div. , .5 V/div 


175 Milz and 8?. 5 MHz (4,3>0) Code 
20 nsec/div. , 1 V/div, 


200 MHz and 100 MHz (4,3,0) Code 
20 nsec/div. , 1 V/div, 


Code Generator Waveforms 






1 -f .ft 








In^ortant MECL lOK and MECL IXI family characteristics are shown in the 


! 

1 

Table * I 


MECL IQK MFCL III 


Gate propagation Delay 


2 ns 

1 ns 

Gate edge speed 


»5 ns 

1 ns 

Flip-flop toggle speed 

125 

MHz 

500 MHz 

Wired-wrap capibility 



No 


Table 6-2 MECL lOK and MECL III Family Characteristics 

From the table it is seen that a 500 MHz coder could be designed using 
a x4 multiplexing procedure, with four 125 MHZ sequences multiplexed 
to 500 MHz. The four basic sequence generators could be constructed with 
MECL lOK components with the multiplexer being constructed with MECL HI components. 
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7 


Statistical Evaluation of 
Candidate Code Sequences 


7A Amplitude Moments 

The statistical properties of candidate code sequences for use in a 
spread spectrum transponder can be based upon the calculation of the 
amplitude moments of the filtered sequences* The expected value of the 
first five central moments of a random sequence are: 


MOMENT (i) 

S ^ (i, .CENTRAL MOMENT) 
c tn 

1 

0 

2 

M 

3 

0 ' 

A 

M+12M(M-1) 

5 

0 


In the above table M is the impulse response of the filter measured 
in bit periods of the sequence. 

The central moments of a filtered pseudorandom digital sequence can be 

calculated from the sequence characteristic polynomial . It is assumed that the 

characteristic polynomial of the code sequence in question factors into 

primitive irreducible polynomials of order such that their code lengths are 

relatively prime. Making the following definitions: 

The number of trinomials of power 
* less than or equal to M-1 that 

have the txl\ Gharacteristi.c polynomial 
as a factor. 

■ . ^ ■ • ; ■ 

Hy * The number of quadrinomials of power less 
^ than or equal to M-1 that have the 

characteristic polynomial as a factor. 

pj/ r The number of peritanomials of power less 
^ than or equal to M-1 that have the Yc^K 
characteristic polynomial as a faetpri 


The approximation for the first five central moments are; 


iiPPROXIMATIONS FOR THE FIRST FIVE CENTRAL MOMENTS 



The approximations hold for the case M < L for all y, M « L 
K Y 

•here L - n L^. and when no common trlnomUla, Ruadrlnomlals, and 




pentanomlals of ordet M-1 or less contain the sequence characteristic 
polynomials as factors for each maximum-length sequence comprising the 

■ ■ I 

sum sequence. 

A test involving the formation of a weighted sum of the difference 
in the first N moments for the sum sequence and a random sequence ma/ 
be used to evaluate sequences f^om sum generators. This can be express 
sed as 

N . 

T(M) « 0)^ (S^-^ - Sp , (1) 

where S ^ is the lth~central moment for weights of M-tuples from a 
cr 

random sequence, o)^ is a weighting factor, and is the ith-central 
moment for weights of M-tuples from a pseudorandom sequence. 

Using the results fromthetable^equatlon (2) becomes 



+ “4 Sy 

+ tOj (10M3! + 5! F^)j (-1)*'"^ 

For a particular selection of the weighting functions, the smaller the 
value of T(M),the better the sequence approximates a random sequence. 



The weighting values can be selected to place emphasis on a 


particular aspect of the distribution of M-tuple weights. For example* 
the tens 



indicates the relative symmetry or skewing of the distribution. The 
term 

“5 E \aomi B + 5! F ) L (-1)*""^ n L 
3 Y-iL " Y Y Y 

Indicates skewing of the distribution with more emphasis on the shape 
of the distribution of M-tuple weights beyond the variance of the 
distribution. The term 

Ilf’ ^ N 

indicates the kurtosls of the distribution of M-tuple weights. Assuming 
> 0, positive values of this term Indicate a leptokurtlc distribution 
and negative values of the term indicate a platykurtlc distribution. 

£f'k Is odd the distribution Is leptokurtlc* and If k Is even the 
dlatrlbutlon Is platykurtlc. 

A computer algorithm for evaluati-ig the sequence test parameter, 
T(M), has been developed. The algorithm calculates the number of 
trinomials of order M-1 or less that contains they th-sequence char- 
acteristic polynomial or a factor; the number of quadrinomlals of 
order M-1 or l«^ss that contains the Yth-sequence characteristic poly- 


nomlal or a factor; and the number of pentanomlals of order M-1 or 
less that contains the yth-sequence characteristic polynomial or a 
factor. 


Lindholm developed an efficient algorithm for calculating and 
the algorithm developed for and an essentially extensions of 
Lindholm Vs method [16], ^ 


If a sequence Is generated by an n-stage register, and the sequence 
Is a maximum -length type, then any 2n-l digits of the sequence can define 
the particular stages that contribute to the feedback. This Is equival- 
ent to solving n-1 simultaneous equations, since for a maximum-length 
sequence the last stage Is always fed back. If the sequence character- 
istic polynomial Is a factor of a trinomial of the form 

g(x) ■ 1 + x^ ® + x*^ , 

then the sequence satisfies the recursive relation 


*1 " *l-c*i-d 


(k) 


when the sequence Is from the set {-1, +l}. 


One particular content vector in a maximum-length sequence Is 
X j " 1, X 2 = 1, ••• *jj-i “ *n " this content vector as a 

starting point, the next M-1 content vectors are calculated using the 
sequence recursive relation. Then H I- n digits of the sequence are 
known. These digits can be represented as 

*o»*r •** + n - 1 “ 

-1, 1, 1. 1, — -l,x^^ x^^ *•* + n -1 • (5) 
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Because the tuple 


^*1**2* *** *n-l^ " *’* 

and If the sequence characteristic polynomial Is a factor of 

1 + + X** . (7) 

then the tuple ^ 

‘■■d + 1* ='d + 2* ••• *d + n-l> ‘’■c + I- *c + 2" •" *c + D-J> 

- (1, 1, 1, ••• 1, 1) • (8) 

If Xj Is a vector representing the tuple (x^ x^ *** + n-1^* 

and similarly for X^, the relation 

' Vc* ^ (9) 

dan be expressed where I Is the Identity matrix of order n-1, and 
A ' A 

Xj and X are (n-1) by (n-1) matrices; with the elements of X, and X 
d c d c 

respectively on the main diagonal, with all other elements equal to 
zero. Extending this procedure to quadrlnomlals and pentanomlals 
that contain the sequence characteristic polynomial as factors the 
required vector relations are 

X.X X = I (10) 

d- c e 

and 

* * * * , 

X.X X X. - I. (11) 

d c e £ VII/ 

By finding tuples for which these equations hold using the first M + n 

digits after the state vector (1, 1, 1, 


-1) , all trinomials , 


quadrlnomlals, and pentanomlals that contain the sequence character- 
istic polynomial as a factor are yielded. 

The computer program POLTE 1 was written to solve for the vector 
relations in equation ^ (10) j and (11)* results from this 

program can be used to evaluate T(M) from equation (2)'» 'The 
procedure Is as follows: 

(a) Select M, the size of the M-tuple 

(b) Select k sequences to form the stim sequence 

(c) Using the computerized algorithm, calculate and 

(d) Select the set of weightings, depending on the character- 
istics of the distribution of M-tuple weights that are 
critical 

(e) Evaluate T(w) from equation (i). 

This procedure can be used to evaluate candidate designs for 
pseudorandom sequence generators of the type under study. 

An indication of the reduction i'i the amount of calculations 
required to evaluate the statistics of a filtered hybrid-sum sequence 
as compared to a filtered maximum-length sequence can be determined as ' 
follows: The limit ratio of the number of pseudorandom sequences 

statistically evaluated compared to the amount of calculations required 
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( 12 ) 

where the upper limit of equation (12) is used. B'or k»l the ratio is 
unity, but as k increases the ratio tends to increase as previously 
Illustrated. This means the hybrid-sum sequence generator configur- 
ations can potentially provide many pseudorandom digital sequences 
with a minimum number of calculations required. 

As an example of the potential Increase in computational efficiency 
using the hybrid-sum approach, assume the computer algorithm was 
efficient enough so that each moment could be calculated in 1 second. 

It would then require over 12 days of computer time to completely 

j 

analyze the statistics of all possible maximum-length sequences from a 
23-stage register. If, however, the sequence group is established 
from the hybrid sura of sequences from 11- and 12-stage registers, then 
the analysis of sequences, which are approximately 99.9 percent as long 
as the maximum-length sequences from the 23-stage register, can be 
accomplished at a rate 120 times faster than the analysis in the 
maximtim-length case. The more maximum- -length sequences that form the 
hybrid-sum sequence, the greater the efficiency in forming the sequences 
in this manner. 


As an illustration of the theory presented, a comparison is made 



i I 


is 


k 

n 

i«l 


2 

n 


K 


2 

n 


of the statistics of a filtered maximum-length sequisiice from the 11- 
stage generator, and a filtered hybrld-stim sequence from a 5- and 6- 
stage generator. The filter Impulse-response length Is assumed to be 
20: digital clock periods. The 11-stage m£ixlmum-length sequence 
generator Is described by the polynomial (11, 9, 0), and the hybrid- 
sum generator by the pair of polynomials (5, 2, 0) and (6, 1, 0). 

r- . 

Evaluation of equation (2) with 

(1)^ equal to 1, 
u)^ equal to 2, and 
U)j equal to 0 

gives an Indication of the skewing of the amplitude distribution of 
filtered pseudorandom sequences. Using the results of POLTE 1 given 
In Appendix B, this parameter Is evaluated as follows: 

FILTERED MAXIMUM-LENGTH SEQUENCE (11, 9, 0) 

T(M-20, * 1, - 0, (O5 « 0) - 54, (13> 

Indicating dominate positive skewing. 

FILTERED HYBRID-SUM SEQUENCE (5, 2, 0) + (6, 1, 0) 

T(M=20, CO3 = 1, 0)^ - 0, Wj - 0) = -8, (14) 

indicating slight negative skewing. ^ ^ ^ ^ ^ 

A coraputer program was written to evaluate the distribution of 
weights of the filtered sequence for both the maximum-length sequence 
and the hybrid-sum sequence directly. Figure 7-1 

the result for the maximum-length sequence. The weight distribution 
skews to the positive side and Is a poor approximation to the normal 


is 


distribution. Figure ^-2 is the result for the hybrid- sum sequence, and 
shows very little skewing tendency. 

This remaining portion of this section contains example results of the 
computer program POLTE 1. The program was run for three irreducible poly- 
nomials of order 11, 6, and 5. The results of POLTE 1 can be used to 
evaluate the statistics of filtered, pseudorandom digital sequences using 
equation (2) • 

The procedure for evaluating equation (2) using the results from 
POLTE 1 is as follows: 

For a given irreducible polynomial that generates a maximum- length 
sequence the polynomial representation is printed in binary and octal 
form# For example, 

POLYNOMIAL 110000100000 

OCTAL 0103 

represents the polynomial 
6 ^ 5 , 

Following the polynomial octal form, the representations of the 
trinomials, quadrinomials, and pentanomials that contain the character- 
istic polynomial as a factor are printed. For example, 

(7, 5, 1, 0) 


represents the polynomial 


COMPUTER SIMULATION 
RESULTS 


D 200 

I 

S 

T 160 

R 

I 

B 120 

U 

T 

I 80 



-12 -8 


OUTPUT AMPLITUDE 


SEQUENCE LENGTH = 2047 
IMPULSE-RESPONSE PERIOD - 20 


Figure 7-1 — Maximum-length sequence (11, 9, 0) 
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T 


I 240 

S 

T 

R, 200 

I 

B 

U 160 

T 

I 

0 120 
N 


COMPUTER SIMULATION 


RESULTS 


BIMmM 
^■HBnSlBBSr 


OUTPUT AMPLITUDE 


SEQUENCE LENGTH - 1953 
INPULSE-RESPONSE PERIOD - 20 


Figure 7“2“-Hybrld“Sum sequence (5,2,0)+(6,l,0) 





This quadrlnomlal contains the characteristic polynomial. 


+ X + 1 = (x^ + + 1) (x + 1) (mod-2). 


( 15 ) 


For a filter impulse-response period M, the parameters B^, E^, 


and are . respectively, the number of trinomials, quadrlnomlals , 


and pentanomlals of order M-1 or less of the form 


X** (x** + x*^ + 1) 


c** (x** + x*^ + x^ + 1) 


X** (x** + x*^ + x^ + x^ + 1) 


that contain the Yth*.characterlstlc polynomial as a factor. In the 


above polynomials, p can range from 0 to M-l-d. Therefore, for each 


basic polynomial of the forms 


d . c . 1 

X + X + 1, 


d . c . b , - 
X + X + X + 1, 


d. c, b. a., 
X + X + X + X +1 


that contains the sequence characteristic polynomial as a factor, there 
are M-d product polynomials that also contain the sequence character- 


istic polynomial as a factor. 


The algorithm In the computer program POLTE 1 detects the number 


of basic polynomials that contains ths sequence characteristic equation 


as a factor . The parameters ®y » » and F^ are calculated from 
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-Jy ^ 


the results of FOLTE 1 by forming the sums 


B 


Z (M-d.) 

i-1 


M-1 


E - 23 (M-d )-f 2 (M-i) 
» t -1 1-1 


( 16 : 


( 17 ' 


and 

F - £ (M-d ) , (M 

T 1-1 ^ 

where D^, and are the number of trinomials, quadrlnomlals, and 

pentanomlals o£ order M-1 or less that are detected for the yth- 
component sequence by the program POLTE 1. If the characteristic 
eqiiatlon of the yth sequence is a trinomial, f - 1; f - 0 other- 
wise. ' 

The program POLTE 1 was used to evaluate the parameter, for 
maximum -lergth sequences (11, 9, 0), (6, 1, 0), and (5, 2, 0) , where 
M was equal to 20. The results are given In Table below , 


POLTE 1 FOR THREE MAXIMUM-LENGTH SEQUENCES 


SEQUENCE 


(11, 9, 0) 

9 

(^.1, 0) 

22 

(5, 2. 0) 

38 
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These values were previously used to evaluate the statistics of the 
maximum- length sequence (11, 9, 0) and the hybrid-sura sequence 
(6, 1, 0) + (5, 2, 0). 

POLTE 1 was used to calculate the number of trinomials of 
power less than or equal to M-1 that have the jTth characteristic 
polynomial as a factor, and Ey , the number of quadrinomials of power 
less than or equal to M-l that have the jTth characteristic polynomial 
as a factor, for several Codes. These included (5, 3, 0), (5, 4, 3, 
1, 0) (5, 4, 3, 2, 0), (6, 5, 3, 2, 0) and (11, 9, 0), Figures 

7-3 and 7-4 contain the results of these calculations. 
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Fig. 7-3 By as a Function of M 
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The non-random characteristics of a sequence that has significant 
skewing tendency was illustrated by experimentation. The arrangement 
is shovm in figure 7-4B, and includes a eighteen stage sequence gener- 
ator and a low-pass filter with adjustable cut-off frequency. 



CODE LENGTH: 262143 

FIGURE 7-4B CODE EVALUATION EXPERIMENTAL ARRANGEliENT 


The code generated is described by the trinomial characteristic 
equation (18,11>0)* Since the characteristic polynomial is a trinomial 
it will be a factor of many trinomials of order M 18. The experiment 
was run with impulse response length M equal to 20 and 500. Figure 
7-4C shows the results of the experiment . 






FIGURE 7-4C Results of Filtering the (18,11,0) code with Low-Pass 
Filters with Inpulse Response tenth M * 20 and M * 500 

For the case M * 500, the pulses in the positive direction only 
indicate positive shewing of the amplitude density function, and would 
be indicated by the program POLTE 1 by a large value of For the 
case M » 20, the amplitude density function is approximately normally 
distributed. 
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The following pages give the flow diagram of the program POLTE 1 
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7B Statistical Method for the Analysis of the 
Phase Distribution of Harmonic Components 
of Potential Spread-Spectrum Radar Codes 


The computer program POLTE 1 can be used to evaluate the statistical 
properties of pseudorandom codes for potential transponder application. 
POLTE 1 calculates the third, forth, and fifth central moments of a 
filtered sequence where the filter impulse response period is M. The 
algorithm requires that an array of size M be generated (M bits from the 
sequence) and a search algorithm operator on this array* The number of 
iterations required are 
THIRD MOMENT: 


m 

£ 

K=N 


(K-1) 


m 


FOURTH MOMENT: 
FIFTH MOMENT: 


1/2 £ (K-1) (Kr2) 

K=N 

m 

1/4 £ ()c-l) (K-2) CK-3) 

K=N 


For large values of M this requires a potential large number of 
iterations. In the above equations N is the order of the code. In the 
case of candidate codes where M is large and L is relatively small a more 
efficient evaluation technique is to perform a statistical analysis of 
the phase distribution of harmonic components of potential spread 
spectrum codes* The phase of the « th harmonic of a PR code is 

m 

£^ sin (2n«g) 

/ 

0 («) TAN“^ 


^ COS ( 2<^ 


( 1 ) 


where L is the sequence length, and 


m = L-1 
2 


( 2 ) 


Ag is the gth member of the A- array, the sequence itself. 

The phase distribution statistics for a filter passing H harmonics 
of the code can be evaluated by evaluating. 


(S(«)) 


H 


I 


H 

£ e(oc) 

et=l 


where 


H = L 
M 


( 3 ) 


( 4 ) 


This is a first order evaluation based on the first moment of the 
phase distribution. Futher evaluation can be made by calculating 


(«) ) 


and 


(e3(«)) 


H 


H 


In general 


H 


.n 


(«“(oc) ) 


H 


«=i 


TAN 


,-l 


where 


p = A - A-g 

g g 

s = Ag + A-g 

g 


where Ag is from V“l» 


m 

I sin ^( 2ir«g )j Pg 


A + ™ 
^0 I 


gwl 


co8^(2iT«g)JS^ 




n 


( 6 ) 

( 7 ) 


( 5 ) 
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To show the utility of the method a few examples will be given* 

Figure7-"ieshows the sequential output of a filtered sequence for 
M 50, H 40* As can be seen the output skews to the positive side, 
and the distribution function of figure7"2B shows the skewing effect# 

Figure7-3e and figureT^are similiar illustrations for M = 70, H = 30# In 
each case the skewing is caused by a pulse embeded in the output that 
otherwise appears random# POLTE 1 detects this problem for the (11, 9, 0) 
code because it finds many trinomials of order less than or equal to 
M-1 that contain the sequence characteristic equation as a factor# However, 
for M = 70 the iterations required for POLTE 1 to evaluate the statistics 
are large# 

Figure7^5B shows the results of equation (1) for «< 300# The phase 
compoments appear to be distributed in a random manner except for values 
of >^20# Figure7*6Bshows the distribution of phase for M = 80, H = 25# 

As can be seen there are no phase components betweer + 1 and — +ir r3.dl€tns 

The sum of a pulse and random noise would tend to form a phase 
distribution aS: shown in figure7-68 since the harmonic components of a pulse 
are co-phased# 

Figure7-70and/'80givc the output distribution for M = 20, H = 100, and 
M = 40, H ~ 50 for the hybird-sum code (5, 2, 0) d- (6, 1, 0)# Figure7-9B 
and7'10&give the sequential output and distribution for M = 80, H == 25# 

The sequence appears random and does not suffer the problems of the (11, 

9, 0) code# Figure7-llBis the phase distribution of the first 200 harmonics 
of (5, 2, 0) + (6, 1, 0)# Figurem2eandT13B show the phase distribution for 
M = 80, H = 25 and M = 40, H = 50. 

For comparison; figure744Band745Bgive the output distribution for M = 20, 
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H = 100, and M — 40, H = 50 for the hybrid-sum code (5, 4, 2, 1, 0) + (6, 

1, 0)# FigureT16Band7-17^give the sequential output and distribution for 
M = 80, H = 25# The sequence shOWS a pulse form in figure7-166and skewing 
in figure7-17R Figure7-180is the phase distribution of the first 200 
harmonics of (5, 4, 2, 1, 0) +• (6, 1, 0). Figure^•19•and7-20^show the phase 
density for M = 80, H = 25 and M = 40, H = 50« In figurey-19Bthere are 
no phase components distributed between 0 and -1 radiaus. This distribution 
and the affect on the output are similar to the (11, 9, 0) code case. 

A procedure for evaluation of the pseudorandomnesS of codes based 
upon their phase moments can be provided by the calculation of these phase 
moments and comparing to expected phase moments. The phase probability 
density for a random set of spectral lines is uniform between and 
The phase moments for this random set of spectral lines are: 


MOMENT 

EXPECTED VALUE 

1 

2 

2 0 

ir/3 = 3.28987 

3 

4 

, 0 

W 15 = 19.5234 

5 

0 


The comparison of calculated phase moments for a particular sequence 
and value of H (harmonics passed by the filter) provides a measure of the 
pseudo-random quality of the sequence. 

A computer program was prepared to perform the calculation of the first 
four phase moments. This program is called PHASE 1 and calculates the 
moments as a function of the number of spectral lines within the filter 
bandwidth. As an example of the use of PHASE l^phase moments were 
calculated for the filtered sequence described by the polynoniial (8, 7, 

6, 1, 0). Figure7-21 shows the plot of the first four phase moments as a 
function of H. 
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[\ 8. CODE AND CARRIER PHASE LOCK LOOPS 

I ' This section gives the results of the design of the spectrum 

spreading delay lock code loop and carrier phase lock loops for use 

II in the HEAO-C transponder. The code lock loop tracks the TDRSS-HEAO-C 

I sJ 

I forward link spread spectrum modulation, and modulates the return link 

M'l ’ 

j il signal to provide range and range-rate tracking. The code lock loop 

also provides a coherent reference signal to perform the correlation 
function in the command receiver. 

;| A simplified block diagram of a candidate HEAO-C PN transponder is 

shown in figure 8-1. The PN generator code output is shown as a single 
signal, but actually early/late gate signals are included in the design 
P„ to implement a delay-lock-loop system. 

y 




FIGURE 8-1 Coiaplete PN Transponder 


’f Figure 8-2 is a further simplified block diagi'am of the PN 

-r| transponder including a symbolic representation of the signals. 

The definition of the symbols are as follows: 


■i S ' 

CA: 

Carrier 


CL: 

Clock 


PN: 

Code 




.^1 

.i 

:l! 

Il 

1 1 

il 

il 


« 






8-2 

















Figure 8-3 and 8-4 are alternate designs ( f the IF - code delay 
lock loops. Early - late PN code signals, delayed by half a clock 
period provide the local code reference to paralled I and Q processors, 
♦j, and +2 are clock phases separated by 90°, and provide the half- 
clock delay for the late gate. 

Figure 8-5 is the final difference amplifier, loop filter, and 

clock VCO. The form of the loop filter implie$ a high gain second order 

tracking loop. Fundamental loop characteristics such as capture range, 

loop bandwidth, capture time, and transient response are controlled 

primariTy by the loop filter. The loop phase transfer function is 

8o (S) = U F (S) Ky (jj 

0i (s) S + Kf Ky/N 

where 

K4»|= Phase Detecter Gain 
F (s) • Filter Transfer Function 
Kv = VCO Gain 
N = Integer Division 

The filter shown in figure 8-5 has transfer function of the form 

F(s) = IfRzCS (2) 

R^CS 

where Rj is the filter input resistor, R2 is the feedback resistor, and 
C is the feedback capacitor. With F (s) as shown in (1) , (2) becomes 

6o (s) = N (l+TgS) (3) 

ei (s) s2nti + T2S+I 


Kv 


where 


(4) 


and 


Ti - Ri C 


Tj • Rj C 


(5) 


The loop natural frequency and damping factor, two particularly 
important parameters when considering loop dynamic characteristics, are:. 

( 6 ) 


“n = 


and 
5 = 





(7) 


Loop acquisition time is an important consideration for space spread 
spectrum transponder!. For the case of a second order high gain loop with 
5 = .707, the pull in time is given by the approximation 




4 




SEC 


( 8 ) 


B 


where is the loop bandwidth and Af is the offset. Since for the 

doppler offset frequencier in question for the TDRS-HEAO-C application 

Af can be large compared to B^> Tp would be excessive without some acquisi 

tion aiding such as a sweep search. With the sweep search/ the loop ring 

up time multiplied by the number of doppler cells to be searched gives 

1.= £f_ (9) 

^ , 2 

as time required for a sweep doppler search. For the eleventh order 
gold codes there are 2047 range cells to be searched. The total acqui- 
sition could be as large as 


T, ■ 2047 Af , (10) 

(Bl)' 

but the average acquisition time would be 

Tt = 2047 (11) 

^ (b[F 

Figure 8-6 is the design for the mixer drivers for the alternate 


code delay lock loop designs. 
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Fig* 8^^ Delay Lock Loop 

Configuration #2 















9 . TOTAL SPREAD SPECTRUM TRANSPONDER SYSTEM 


The block diagram of the total transponder system is shown in 
figure 9-i. The antenna system that would meet the HEAO-C-TDRESS re^ 
quirements has been described in a previous report on this study (FINAL 
REPORT NASA GRANT NCR-Ol-OOl-021) and that description will be 


given here. 

The proposed 
will be a command 
communicated from 
steerable antenna 


phased array antenna for the HEAO-C-TDRS return link 
pointing type with pointing commands formulated and 
the ground. An example of a phased array airborne 
system that would be applicable for this application 


was developed by Texas Instruments Incorporated for NASA under contract 
NAS8-24847. The antenna is an 128-element spiral array and achieved 
the performance parameters listed below. 


Subsystem Performance Value 

Antenna (2282 MHz) 

Boresight gain (dB) 23.9 

60-degree scan gain (dB) 20.3 

Boresight axial ratio (dB) 0.3 

60-dagree scan axial ratio (dB) 2.0 

Weight (pounds) 6.48 

Boresight sidelobe level (dB) 19.5 

60-degree scan sidelobe level (dB) 9.0 

Module 

Noise figure (dB) 6.0 

Receive gain (dB) 24 

Diplexer isolation (dB) 35 

Peak phase shifter phase error (degrees) 10 
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Module Value 

RMS phase shifter phase error (degrees) 5.2 

Phase shifter amplitude error (dB) 6.5 

Phase linearity (degrees) 5 

Power output (dBW) 0.5 

Transmit gain (dB) 19.0 

Transmit efficiency (percent) 25 

Weight (pounds) 0.275 

Transmit ;Manifold (128-Element) 

Peak phase error (degrees) ±5.25 

Peak amplitude variation (dB) tO.6 

Peak output VSWR (Ratio :1) 1.65 

Loss (dB) 3.2 

Weight (pounds) 6.48 


These performance parameters were used in the TDRS-HEAO-C power 
budget calculations. 

The block diagram of the HEAO-C communications system with error 
control coding and phased array antenna implementations is shown in 


figure 9-2. 

The TDRS-HEAO-C forward link is established on the low gain (near 
isotropic)^^^^^ Pointing control commands are coded and the return 


forward links are established with the phased array. 


The current HEAO-C, NON-TDRS communication system block diagram 
is shown in figure 9-3. 


Typical user charactersties for link budget calculations were: 


SINGLE-ACCESS AND MULTIPLE-ACCESS. S-BAND 


Ts (°K) 824 
KTs (dbw/HZ 199.4 
Ts (db) 29.4 

This implies a pre-amp noise figure of 4.6 db. 
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This noise figure can be achieved with a low noise solid-state 
pre-amplifier. Typical of such an amplifier is the WJ-5004-323 manu- 
factured by the Watkins -Johnson Company. The specifications for this 
unit are: 

MODEL WJ -5004-325 

FREQUENCY RANGE 2-4 GHZ 

NOISE FIGURE 4.5db MAX, 3.8db TYP 

SMALL SIGNAL GAIN 35db MIM 

POWER OUTPUT +7dbm MIM 

PRIMARY POWER +15 VOLTS DC ( 19 REG) 110 MA 

SIZE 2. 5X1. 3X3. 5 INCHES 

WEIGHT 8 OZ 

VSWR (5006) IN 2db (5002) OUT 2db (5002) 

TVP. INTERCEPT — — +17 dbm 
POINT FOR IM 
PRODUCTS (dbm) 

TEMP 54° c- +71°c 

ENVIRONMENT MIL-E-5400, CLASS 2 

MIL-E-16400, CLASS 2 

The amplifier outline drawing is shown in figure 9-4. 


Hf C0i>.ECT0R - 




(rj: av-r-.stKT-i. 
(4) PLA^.tS 


Figure g-4 Pre Amplifier Package 
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TRACKING AND CATA RELAY SATELLITE SYSTEM CONFIGURATION AND TRADEOFF 
STUDY. VOLUME 3 ATLAS CENTAUR LAUNCHED TDPSS. PART 2 FINAL 
REPORT, 22 AUGUST 1572 - I APRIL 1573 

(DATA AND DESIGN INFORMATICN FOR ATLAS CENTAUR LAUNCHED 
CONFIGURATION OF TRACKING AND CATA RELAY SATELLITE SYSTEM - VOL. 3) 
HUGHES AIRCRAFT CO., EL SEGUNDQ, CALIF. (SPACE CCMMUN ICA TI CNS 
GROUP.) AVAIL..NTIS HC $14.50 

/♦ATLAS CENTAUR LAUNCH V EH IC LE /*RADI 0 RELAY SYSTEMS/^SATELL ITE 
TRANSMISSI0N/*TDR SATELLITES/ CATA TRANSMI SSION/ SATELLI TE NETWORKS/ 
SYSTEMS analysis/ TELECOMMUNICATION 


73N22800^fr ISSUE 13 PAGE 1575 CATEGORY 31 NASA-CR-l 30220 
MAS5-21704 73/04/0:1 305 PAGES UNCLASSIFIED DOCUMENT 

TRACKING AND OATA RELAY SATELLITE SYSTEM CONFIGURATION AND TRADEOFF 
STUDY. VOLUME 2 DELTA 2914 LAUNGHED TDRSS, CONFIGURATION 2. PART 2 
FINAL REPORT, 22 AUGUST 1972 - 1 APRIL 1573 

(CONFIGURATION DATA AND DESIGN DEVFLOPMFNT FOR OLLTA 2914 LAUNCHED 
TRACKING AMD CATA R EL AY SATELL I TE SYSTEM - VCL. 2) 

HUGHES aircraft CO., EL SEGUNCC, CALIF. (SPACE COMMON ICATI GNS 
GROUP.) AVAIL. NTIS HC $17.25 

/♦DELTA LAUNCH VEHICLE/^RACIC RELAY S YSTEMS/^SATELLI TE 
TRANSMISSIIN/^TOR SATELLITES/ CATA TRANSMISSION/ SATELLITE NETWORKS/ 
SYSTEMS ANALYSIS/ TELECCMMUN IC AT I CN 
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73N22799*# ISSUE 13 PAGE 1579 CATEGORY 31 NA SA-CR- 1 302 19 
NAS5-2170A 73/04/Cl 80 PAGES UNCLASSIFIED DOCUMENT 

TRACKING AND DATA RELAY SATELLITE SYSTEM CONFIGURATION AND TRADEOFF 
STUDY. VOLUME 1 SUMMARY. PART 2 FINAL REPORT, 22 AUGUST 1972 - 1 
APRIL 1973 

(DEVELOPMENT QP TRACKING AND DATA RELAY SATELLITE SYSTEM CONCEPT FOR 
SERVICE OF LOW, MEDIUM, AND HIGH DATA RATE USER SPACECRAFT - VOL. 1) 
HUGHES AIRCRAFT CO., F.L SEGUNDO, CALIF. (SPACE AND COMMUNI C AT I CNS 
GROUP.) AVAIL. NTIS HC $6.00 

/♦DATA TRANSMISSICN/*RAO IC RELAY S YSTEMS/*SATELL ITE 
TRANSMISSION/»TOR SATELLITES/ SATELLITE NETWORKS/ SYSTEMS ANALYSIS/ 
TELECCMMUNICATIOM 
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71B10A62* CATcGHRY 9 05^0-11^22 71/11/CC UNC LASS I F I fC OOCUMEM 

DOMESTIC 

radiation diffraction CALCULATICN RROGRAR /DIFF2/ 

(COMPUTER PROGRAM COMPUTES MAXIMUM POSSIBLE STRENGTH OF INTERFERENCE 
pattern sent from high altitude TRACKING AND CATA RELAY SATELLITE TO 
LOW ALTITUDE USER SATELLITE.) 

/*ANTENNAS/*CARTE$ IAN COORD INAT ES/+COMPUTER PROGRAMS/*D I FFRACT ION 
PATTERNS/TELECTROMAGNETIC RAC I AT ION /*FI ELD STRENGTH/*F0RTRAN/*1BM 360 
COMPUTERZ + SATELLITE C0NFIGURATI0NS/’*SIGNAL REFLECnON/*TDk 
SATELLITES 


71M10169 ISSUE A PAGE 32 CATEGORY 7 GSC-11422 IBM 360 

71/C9/00 I PAGES FORTRAN 1,A65 CARDS UNCLASSIFIED DOCUMENT 
RADIATION DIFCRACTICN CALCULATICN PROGRAM, DIFF2 
(CALCULATICN OF DIFFRACTICN TAKING PLACE CN SURFACE UF SPHERICAL 
EARTH WHEN ELECTRO-MAGNETIC RAYS FRCM TOR SATELLITE REFLECTED BY EARTH 
SURFACE) 

PROGRAMMING METHODS, INC., SILVER SPRING, MD. PRICE PROGRAM 
i35C.OO/OOCUMENTAT ICN $11.50 

/♦electromagnetic RACIAT IGN/*T0R SATELLITES/^WAVE DIFFRACTICN/ 
DIFFRACTION PATTERNS/ EARTH SURFACE/ FORTRAN/ FRESNEL KtGIfJN/ IBM 360 
COMPUTER 


72X10394^« ISSUE 3 PAGE 72 CATEGORY 11 NASA-CR-127512 

JPL-760-A0 69/09/30 531 PAGES UNCLASSIFIED DOCUMENT GCVT.+ 

CONTR. 

TRACKING AND DATA RELAY SATELLITE NETWORK (TCRSN) 

(TECHNICAL AND COST DATA CN TRACKING AND CATA RELAY SATELLITE 
NETWORK AND FEASIBILITY OF TELECCMMUN ICATI GNS SYSTEM) FINAL STUDY 
PEP CRT 

A/DIETL, M . G. A/COMP. 

.JET PROPULSION LAB. , CALIF. INST. OF TECH., PASADENA. 

SPONSORED BY NASA 

/♦COST AN ALYSIS/^CA.TA ACQU I S I T ICN/^TOR 
SATeLLlTES/*TEL£CCMMUNICATION/ PRCJECT PLANNING/ RANGE ANL RANGE RATE 
TRACKING/ VERY HIGH FREQUENCIES 


72X10380*^ ISSUE 3 PAGE 69 CATEGORY 7 NASA-CR-122413 E5L-SR81 

NAS5-20228 72/03/09 87 PAGES LNCLASSIFIED DOCUMENT GCVT.+ CCNTR. 

THE EFFECTS OF MULTIPATH AND RFl ON THE TDRSS CLMMAND ANC TELEMETRY 
LINKS 

(MULTIPATH AND RADIO FREQUENCY INTERFERENCE EFFECTS ON TCR SATELLITE 
COMMANC AND TELEMETRY LINKS) 

FINAL REPORT 

A/JENNY, J. ; B/SHAFT, P. 

ESI, INC., SUNNYVALE, CALIF. 

/♦MULTIPATH TPANSMISSICN/+PADIO FREQLENCY INTERFERENCE/^TDR 
SAT ELLITES/^TELEMETRY/ ANTENNA RACIATICN PATTERNS/ SATELLI TE ANTENNAS/ 
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71XIC576*# ISSUE 3 PAGE 1C7 CATFOnRY 7 NASA-Ck-1 167C6 ESL-TM215 
KAS5-2G125 71/03/18 72 PAGES UNCLASSIFIFO DOCUMENT GOVT.+ 

COF'TR. 

The EFFEGTS UP MULTIPATH AND PFI UN THE TRACKING AND DATA RELAY 
SATELLITE SYSTEM 

(EFFECTS 0= MULTIPATH AND RFI MODEL ING GN TOR SATELLITE SYSTEM) 
A/JENNY, J. A.; B/k»6ISS, S. J. 

/♦multipath transmissicn/^racio frequency interference/*tor 

SATELLITES/ DATA PROCESSING/ IBM 36C COMPUTER/ MATHEMATICAL MODELS/ 
RAUIC RAVES/ WAVE SCATTERING 







7AW70727 310-3C-35 

NETWORK UTILIZATION AND SFUTTLE STUDIES 1S7S-1S90 

UVAAS, C, M. 301-962-2357 

NATIONAL AERONAUTICS AND SPACE ACM I N I STR A T ION. GODDARD SPACE FLIGHT 
CENTER, GRfENBELT, MO. 

THE OBJECTIVES ARE TO PERFORM ADVANCED SYSTEM PLANNING TC FORMULATE 
AMD DEVELOP COMPARATIVE MODELS OF NETWORK SUPPORT CAPABILITIES AND 
NETWORK RESOURCES THAT WILL BE REaLIREO TO PPCVIDt GROLNO SUPPORT OF 
SHUTTLE AND SHUTTLE LAUNCHED PAYLCAOS IN THE 1979-1990 TIME PRAVE. THE 
NETWORK RESOURCES WOULD INCLUDE A TRACKING AND CATA RELAY SATELLITE 
(TORS) SYSTEM PLUS 8 TO 11 GPCUNO STATIONS FOR SUPPORTING SHUTTLE 
ORB ITER, SORTIE LABS, SPACE TUGS, AND PAYLOADS INJECTED INTC 
SYNCHRONOUS ORBIT AND BEYOND CR CPOITS ABOVE 350 N.MI. WITH THE SPACE 
TUG, AS WELL AS PAYLOADS LAUNCHED VIA CONVENTIONAL DELTA BOOSTERS 
DUPING THE INTERIM PHASE-OVER PERICO TO SHUTTLE LAUNCHES. THE PLANNING 
MODEL WILL IMDETIFY SYSTEM CAPABILITIES, OPERATIONAL PHILOSCPHY, AND 
MEW TECHNOLOGY ASSOCIATED WITH THE NEW GENERATION OF SPACECRAFT AND 
SHUTTLF LAUNCHED VEHICLES IN SUFFICIENT DETAIL TQ DEFINE HARDWARE 
SYSTEM REQUIRPMENTS FOR THE GRCUNC SUPPORT NETWORK. THE APPRCACh WILL 
EE TO INVESTIGATE SUPPORT REQUIREMENTS OF FUTURE MANNED AND LNMANNFD 
MISSIONS SUCH AS SHUTTLE, LARGE SPACE TELESCOPF, SPACE 
STATIONS/PLATFORMS, TORS, EARTH C8SERVATCRY SATELLITE, HIGH ENERGY 
ASTRONOMY OBSERVATORY, ORBITING SCLAR OBSERVATORY, lAKTH RESCURCES 
TECHNOLOGY SATELLITE, SYNCHRONOUS EARTH OBSERVATIONAL SATELLITE, ETC. 
these are PRESENTLY BEING PRCGRAMMED FOR THE 1979-1990 TIME FRAME AND 
DEFINE THE IMPACT OF THESE SUPPORT REQUIREMENTS ON NETWORK RECEIVING 
AND TRANSMITTING SYSTEMS, THE NFTWCRK CCNTPOL CENTERS, AND REMOTE SITE 
COMPUTER AND DATA HANDLING SYSTEMS. 

/ DATA SYSTEMS/ GROUND SUPPORT EQUIPMENT/ SPACE SHUTTLES/ SYSTEMS 
ENGINEERING/ TCP SATELLITES/ TRACKING NETWORKS 
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I . 74W70725 310-3C-21 

I ADVANCEO NETWORK PLANNING 

UNDE»WOOD, C. H. 301-982-2357 

■' NATIONAL ArRCNAUTICS ANC SPACE ACMINI STRATION. GODDARD SPACE FLIGHT 

CENTER, GReENQELT, RD. 

I ■; THIS TASK ADDRESSES THE TCTAL SCOPE OF PRG3LFMS wHiCH ARE RELATED TC 

I i THE TECHNICAL iNTEGRATinN OF THE STACAN AND THE MSFN INTO THE STDN AND 
I THE DEVELOP N5NT OF PLANS, PRCGRAMS, AND TfCHNIgUES REQUIRED TO UPDATE 

I *, THE NcIWORK. THIS TASK WILL EMPHASIZE THOSE AREAS WHICH MAXIMIZE THE 
I EFFECTIVENESS OF THE SUPPORT PROVIDED AND INCREASE THE COST 

I • EFFECTIVENESS OF THE TOTAL NETWORK. AUVANCEC AND STATE OF THE ART 
I TECHNIQUES WILL BE IDENTIFIED AND THEIR POTENTIAL IMPACT UPCN THE 

i M network WILL BE EVALUATED ALCNG WITH THEIR MISSION SUPPORT 
J J CAPABILITIES. SPECIFIC OBJECTIVES THIS TASK WHICH WILL AFFECT ALL 
I elements tlF the NETWORK, INCLUDING REMOTE SITES AND DATA HANDLING 

I 1? SYSTEMS, AkE lOF.NTIFItD IN THE FOLLOWING BROAD AREAS (1) INTEGRATICN 
1 'i CP MSFN AND STADAN NETWORKS, (2J TCRS IMPACT CN THE NETWORK, (3) 

I * ADVANCED NETWORK SYSTEM SUPPGRT/CCST TRAOE-OF= DATA, (4» ADVANCED 
I TELECCMMUNIGATIONS SYSTEMS, AND (5) TRACKING COVERAGE MODELING. 

I T| / data SYSTEMS/ MANNED SPACE FLIGHT NETWORK/ RESOURCES MANAGEMENT/ 

I STACAN (SATELLITE TRACKING NETWORK)/ TOR SATELLITES 
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- 7AW70720 310-2C-3? 

HIGH RELIABILITY CCNTROL SYSTENS FOR ANTENNAS 
I RAJMANN, N, A. 3C1-S62-6579 

i-‘ NATIONAL AERJNAUTICS AND SPACE ACM i N 1 STR AT I CN. GOODARC SPACE FLIGHT 

CFNTFR, GRFENBELTt MD . 

;J CONCENTRATION OF CATA ACUUISITICN RESPONSIBILITIES AND INCREASING 

H JATA PANOt^lIDTHS RESULTING FRGM RECUCTION IN THE NUMBER OF NETWORK 

STATIONS ARP PLACING GREATER LOADS CN THE NETwCRK LINKS. THUS, THE CCST 
-i- OF LINK DOWN TIME IS INCREASEC, REGLIRING A CCf RtSFONDiNG INCREASE IN 

f LINK RELIABILITY. T«-E ANTENNA CCNTFCL SYSTEM IS ONE OF THE FEW 

•' COMPONENTS TO WHICH REDUNDANCY CANNCT BE ECCNCMICALLY APPLIED. IN 
ADDITION, LINK DOWN TIME DUE TO ALIGNMENT REQUIREMENTS AND ROUTINE 
■[ maintenance HAS TO BE MINIMIZED. AT THE SAME TIME A REDUCTICN IN 

3 MAINTENANCE AND OPERATION (M AND C) MANPOWER 1$ HIGHLY DESIRABLE. ABCVE 

OBJECTIVES ARE MET BY THE TASKS IN THIS RTOP. THE COMPUTER CCNTRCLLED 
ANTENNA SYSTEM HAS DEMCNSTRATEC A POTENTIAL FOR MARKED REDUCTION IN (M 
H AND 0) MANPOWER AND THE FUNCTICNS OF SEVERAL EQUIPMENTS HAVE BEEN 
‘ SUCCESSFULLY INTEGRATED. THIS SYSTEM IS OPERATING EXPERIMENTALLY AT THE 
, NETWORK TEST AND TRAINING FACILITY (NTTF) AND IT WILL SUPPORT THE 
STACAC SYSTEM. THE ACOUSTICAL ANALYSIS EQUIPMENT PUK DETECTIKG AND 
IDENTIFYING INCIPIENT FAILURES IN HYDRAULIC AND MECHANICAL SYSTEMS HAS 
_ BEEN INSTALLi^D ON TEN NETWCRK ANTENNAS. IN ADDITION TO DIRECT SUPPORT 
TO THE NETWORK, THESE INSTALLATIONS WILL PROVIDE FIELD DATA FOR FURTHER 
it EVALUATION AND ANALYSIS TECHNIQUE DEVELOPMENT UNDER THIS RTOP. STUDY 
” . EFFORTS IN PROGRESS WILL DEFINE THE DESIGN CHARACTERISTICS FOR A HIGH 

ACCURACY CONTROL SYSTEM WHICH IS REQUIRED FOR FUTURE ANTENNAS OPERATING 
\ IN THE KU-BAND SUCH AS THE GROUND STATION IN SUPPORT OF THE TRACKING 
AND CATA RELAY SATELLITE (TDRS). 

/ ANTENNAS/ AUTOMATIC CONTROL/ SATELLITE TRACKING/ SERVOMECHANISMS/ 
SUPERHIGH FRPQUENCIES/ TDR SATELLITES 



1^‘W70719 310-20-31 

^ GRCUNd VNTENNA FOP WIDtEAND CATA TRAN I S S I UN S Y STb PS 

OOD, L. P. 301-902-5319 

NATIONAL AERONAUTICS ANO SPACE ADMINISTRATION. GUCDARC SPACE FLIGHT 
CENTER, GPFENBELT, MO. 

FUTURE ADVANCED SPACECRAFT SYSTEMS WILL TRANSMIT DATA TO THE GROUND 
AT RATES MUCH HIGHER THAN THAT OF CURRENT OPERATIONAL SYSTEMS. THE 
EARTH OBSERVATION SATELLITE (EOS) WILL TRANSMIT HIGH RESGLUTICN COLOR 
TV EITHER DIRECTLY TO A GROUND STATION OR VIA A TRACKING AND DATA RELAY 
SATELLITE (TORS). THE TORS WILL TRANSMIT SIGNALS FROM EOS AND CTHER 
SATELLITES WHICH REQUIRED TOTAL TORS BANDWIDTHS APPROACHING I GHZ. 
EXISTING NASA GROUND STATIONS ARE NOT EQUIPPED FOR SUCH DATA RATES. 
FUTURE WIDEBAND COMMUNICATION BY TDPS, EOS AND OTHER PROJECTS, REQUIRE 
USE OF frequencies at which the necessary BANDWIDTH CAN BE ALLOCATED. A 
WIDEBAND (APPROXIMATELY 1 GHZ) SYSTEM REQUIRES A HIGH PERFORMANCE 
GROUND ANTENNA SYSTEM. EMPHASIS ON OVERALL SYSTEM EFFICIENCY WILL BE 
essential to an ECCNOMICALLY FEASIBLE GROUND STATION. IN PARTICULAR;, 
TECHNIQUES AND COMPONENTS WILL BE DEVELOPED WHICH YIELD HIGH EFFICIENCY 
ANTENNA SYSTEMS, FFEO SYSTEMS, AND LOW NOISE PREAMPLIFIERS. IN 
ADDITION, DICHROIC SUBPEFLECTOR TECHNIQUES PERMITTING SI MULTANEOUS AND 
EFFICIENT OPERATION OF AN ANTENNA AT DIFFERENT FREQUENCIES WITHCUT 
degradation of OVERALL PERFORMANCE CR FLEXIBILITY WILL BE REFINED. 
ANALYTICAL PROCEDURES AND DESIGN TCCLS WILL BE FURTHER DEVELCPED TO 
SUPPORT the SPECIFIC REQUIREMENTS OF THESE ADVANCED ANTENNA SYSTEMS AND 
THE GENERAL ANTENNA CEVELOPMENT PRC6RAM. 

/ ANTENNAS/ DATA TR ANSM ISS ICN/ PARAMETRIC AMPLIFIERS/ TDR 
SATELLITES/ WIDEBANC CCMMUNieATlON 


7AW70716 310-2C-20 

TRACKING AND DATA RELAY SATELLITE TECHNOLOGY DcVELOPMENT 

CLARK, G. Q. 301-982-6221 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION. GODDARD SPACE FLIGHT 
CENTER, GRFENBELT, MD. 

the two OBJECTIVES, are (1) TO PROVIDE FOR THE S I MU LAT I C N AND 
preliminary DESIGN OP A TRACKING AND DATA RELAY SATELLITE SYSTEM TC BE 
USED POR SUPPORT OF NASA MISSICNS, AND (2) TC PROVIDE FOR THE ORDERLY 
DEVELOPMENT OP THF TECHNOLOGY REGLIRED FUR I MPLEMENT ING A 
Ft RST-GENERAT I JN TDRSS BY 1977. VARIOUS STUDIES, SI MUL AT IONS , AND MODEL 
FABRICATIONS aILL BE PERFORMED TO fSTABLlSH THE PARAMETERS FCR A TDRSS, 
WHILE OTHER STUDIES WILL IDENTIFY AND PROVIDE SCLUTICNS TO PPOBLEMS 
INHERENT IN THE SYSTEM. IN ADDITICN, TECHNCLOGY WILL BE DEVELOPED AS 
REQUIRED for A pIRST-OENERAT ICN TDRSS. 

/ SIMUL.ATIUN/ SYSTEMS ENGINEERING/ TOR SATELLITES 
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73W70717 150-22-32 

HIGH RELIABILITY CCMROL SYSTENS FuR ANTENNAS 

RAUMANiNt N. A. 301 -S 62- 1 579 

NATIONAL AERONAUTICS ANC SPACE ACMI NI STRAT ION, GODDARD SPACE FLIGHT 
CENTER, GREENBELT, MD . 

CONCENTRATION OF CATA ACUU IS I T IC N RLSPCNS I B I L I T IE S AND INCREASING 
DATA. BANOWIDTHS RESULTING FRCR RECUCTICN IN THE NUMBER OF NETRCRK 
STATIONS ARE PLACING GREATER LOADS CN THE NETWORK LINKS. THUS, THE CCST 
OF LINK DOWN TIME IS INCREASED, PEGLIRING A CORRESPONDING INCREASE IN 
LINK RELIABILITY. THE ANTENNA CONTROL SYSTEM IS CNE OF THE FEW 
COMPONENTS TO WHICH REDUNDANCY CANNOT BE ECONOMICALLY APPLIED. IN 
ADDITION, LINK DOWN TIME DUE TO ALIGNMENT REQUIREMENTS AND. ROUTINE 
MAINTENANCE HAS TO BE MINIMIZED. AT THE SAME TIME A REDUCTICN IN 
MAINTENANCE AND OPERATION (M AND 0) MANPOWER IS HIGHLY DESIRABLE. ABOVE 
OBJECTIVES ARE MET BY THE TASKS IN THIS RTOP. THE COMPUTER CCNTRGLLEC 
ANTENNA SYSTEM HAS DEMCNSTRATEC A POTENTIAL FOR MARKED REDUCTICN IN (M 
AND 0) MANPOWER ANC THE FUNCTIONS OF SEVERAL EQUIPMENTS HAVE BEEN 
SUCCESSFULLY INTFGRATEC. THIS SYSTEM IS OPERATING EXPERIMENTALLY AT THE 
NETWORK TEST AND TRAINING FACILITY (NTTF) AND PROTOTYPE DESIGN HAS 
BEGUN FOR FY 73 OPERATION. IT WILL SUPPORT THE STADAC SYSTEM AT NTTF TC 
BE installed in THE SAME TIME FRAME. THE ACOLSTICAL ANALYSIS EQUIPMENT 
FOP DETECTING AND IDENTIFYING INCIPIENT FAILURFS IN HYDRAULIC AND 
MECHANICAL SYSTEMS IS BEING OR HAS BEEN INSTALLED CN TEN NETWORK 
ANTENNAS. IN ADDITION TO DIRECT SUPPORT TO THF NETWORK, THESE 
INSTALLATIONS WILL PROVIDE FIELD CATA FOR FURTHER EVALUATICN AND 
ANALYSIS TFCHNIQIJI- CEVELOPMPNT UNDER THIS RTOP. STUDY EFFORTS IN 
PROGRESS WILL define THE DESIGN CHARACTERISTICS FOR A HIGH ACCURACY 
CONTROL SYSTEM WHICH IS REQUIRED FOR FUTURE ANTENNAS OPERATING IN THE 
KU-BAND SUCH AS THE GROUND STATION IN SUPPORT 0^ THE TRACKING AND DATA 
RELAY SATELLITE (TCRS). 

/ ANTENNAS/ OAT A ACGU I S IT ION/ GRCUND STATIONS/ SERVOMECHANISMS/ TCR 
SATELLITES/ TELECOMMUNICATION 


73W7G709 150-22-20 

TRACKING AND DATA RELAY SATELLIfP TECHNOLOGY DEVELOPMENT 

CLARK, G. 0. 30l-9e2-d331 

national aeronautics and SPACE ADMINISTRATION. GODDARD space FLIGHT 
CENTER, GRfENBELT, MO. 

THE TWO OBJECTIVES ARE (1) TC PROVIDE FQR THE DEFINITICN OF A 
TRACKING AND DATA RELAY SATELLITE SYSTEM TC BE USE D FOR : SUPPORT CF NAS A 
MISSIONS, AND (2) TC PRCVIOE FOR TFE CRDLRLY CEVELaPMENT OF THE 
TECHNOLCGY REQUIRED FOR IMPLEMENTING A FIRST-GENEKATION TDRSS BY 1977. 
VARIOUS STUDIES WILL HE PERFORMED TO E S TABL I SH the CkITERIA FOR A 
TDRSS, WHILE OTHER STUCIES WILL LOCK FOP SOLUTICNS TO PROBLtMS INHERENT 
IN THE SYSTEM. IN ADDITICN, TECHNOLCGY wlLL BE DEVELOPED AS REQUIRED 
FOR A FIRST-^GENERATIGN TDRSS. 

/ DATA TRANSMISSION/ SATELLITE NETWORKS/ SATELLITE TRACKING/ TOR 
SATELLITES/ TELECOMMUNICATION 
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73W70539 164-21-55 

TRACKING AND DATA RELAY SATELtnE TECHNOLOGY OEVELOPMeNT 

CLARK, G. g. 301-982-6331 

NATIONAL ACRJMAUTICS AND SPACC; ADMI N I STR A T I CN . GUDCARD iPACF FLIGI-T 
CENTER, GRFFNGELT, MD. 

THE TWO OBJECTIVES ARE 1) TO PFCVIDE FOR THE DEFIMTICN CF A 
TRACKING AND DATA RELAY SATELL ITF SYSTEM TO BF USED FOR SUPRCRT CF NASA 
MISSIONS, AND 2) TO PRCVIDF FCR THE ORDERLY D’^VELaPMENT OF THE 
TECHNCLGGY PEDUIRFD FOP IMPLEMENTING A FIRST GENERATION TDkSS BY 1977. 
VARIOUS STUDIES WILL BE PERFCRMEO TC ESTABLISH THE CRITcRIA FfjR A TDRSS 
WHILF OTHER STUDIES WILL LCCK POR SCLUTICNS TC PROBLEMS INHERENT IN THE 
SYSTEM. IN ADDITION, TECHNOLOGY WILL BE DEVELOPED AS REUUIREC FOR A 
FIRST-GENERATION TDRSS. 

/ DATA TPANSMISSICN/ SATELLITE KETWCRKS/ TCR SATELLITES/ 
TELECCMMUNICATIGN/ TRACKING NETWORKS 


72A^7523* ISSUE 12 PAGE TS7C CATEGORY 30 72/04/00 6 PAGES 

UNCLASSIFIED DOCUMENT 

ATS PIONEER APPLICATION OF SPACE TECHNOLOGY. 

(SPACE TECHNiOLOGY APPLICATION TO ATS F AND G PROGRAM, DISCUSSING 
HIGH POWER REgUIREMENTS, PARABOLIC ANTENNA DESIGN, TRACKING ACCURACY 
AND GROUND STATION S I MPL I F IC A T ICN j 

A/GFRWIN, M. A/(NASA, GCDCARD SP ACE FL I GHT CENT EH , GRF EN BE LT , MC.J 
JOURNAL OF ENVIPCNMENTAL SCIENCES, VOL. 15, MAR. -APR. 1972, P. 

12-17. 

/^APPLICATIONS TECHNOLOGY SATFLLITcS/*SATELLITc 
ANTENNAS/*SPAC'=CRAFT CESI GN/* TECHNOLOGY UTILIZATION/ ANTENNA DESIGN/ 
DIRECTIONAL ANTENNAS/ GROUND STATICNS/ PARABOLIC ANTENNAS/ PCWER GAIN/ 
SYNCHRONOUS SATELLITES/ TOR SATELLITES 


72N70656^ N ASA-TM-X-67552 69/11/00 38? PAGES UNCLASSIFIED 

DCCUMENT 

GSFC-MAPK 1 TRACKING AND CATA RELAY SATELLITE ( TDRS ) S YS T EM CQNC EPT , 


VOLUME 1 

NATIONAL AERONAUTICS AND SPACE ACMINISTRATICN. GOnCARC SPACE FLIGHT 
center, GREENBELT, MC. 


/*COST effectiveness/treal time opfraticn/*tdr satellites/ grcung 
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r?N28B6'5*j issur 19 PAGo 23-'-5 TEGGRV 31 .MASA-CR- 13397 3 

Sr>-73-SA-0C36-3 N4S9-121C9 73/C6/GO 317 PAGES ;GNCLA S S 1 P 1 EC 

I.CCUMENT ; ■ ; V. ' ’ '■ 

GECSYMtHPJNnUS PLATFrP.3 nCFiMTICN STUDY. VOiUMt 5,' GE CSYNCHPGNOUS 
PLATFCPM synthesis 

(PLATFnRM CCNFTGUKATICNS, SUPPORT SuaSYSTEPS, MISSION EwLIPMENT, AM) 
SFF VICING CONCEPTS GEMFRATED IN GECSYNCHRGNCLS PLATFORM DEFIMTICN 
STUDY) 

ROCKWELL international CORP., CGWNEYt GALIF. iSPACt DIV.) 
fVA IL.NT IS HC $18.00 

/♦SPACE PRnGRAMS/*STA3IL IZED PLATFORMS/^SYNCHRUNGUS 
SAT ELLITES/^SYSTEMS ENG INEER ING/ SPACE MAINTENANCE/ SPACECRAFT 
ELECTRONIC EQUIPMENT/ SPACECRAFT MCCULFS/ SPACECRAFT POWER SUPPLIES/ 

TCc SATELLITES 


73N27841* ISSUE 18 PAGE 2210 CATEGORY 7 73/00/00 6 PAGES 

unclassififd document 

ADAPTIVE GROUND IMPLEMENTED PHASE ARRAY 

(ACAPTIVF PHASFO ANTENNA ARRAY SIMULATICN PQR OPTIMAL DESIGN CF 
TRACKING CATA RELAY SATELLITE VERY HIGH FREQUENCY BEAM) 

A/SPEARING, R. E. 

national AERONALTICS and space ADMINISTRATION. GODDARD SPACE FLIGHT 
CENTPR, GREEN BELT, PC. 

IN ITS SIGNIFICANT ACCCMPLISHMENTS IN TFCHNCL., 1972 P 103-1C6 
(SI e N73-27816 18- 3A) 

/♦ANTENNA ARRAY S/’^DATA L IN KS /* $ I GN AL TC NOISE kAT I CS />»= TCR 
SATELLITES/ COMPUTFRIZEn SIMULATICN/ GROUND EASED CCNTRCL/ PHASED 
ARRAYS/ OADIO FREQUENCY INTERFERENCE 


73N22H2?*S ISSUE 13 PVGE 1ES2 CATEGORY 31 NASA-Ck-l 3C2 18 

SC-73-SA^ODl3-3-VOL-3 NAS5-21705 73/C4/00 132 PAGES UNCLASSIFIED 

DCCUMENT: 

TRACKING AND DATA RELAY SATELLITE SYSTEP C ONF IGUKAT I CN AND TRADEOFF 
STUDY. VOLUME 3 PART 2 SPACECRAFT CFSIGN 

(DESIGN, DEVELOPMENT, AND CHAR AC TEk I ST IC S OF SPACFCRAFT SYS'I’FPS AND 
EQUIPMENT USFDWITH TRACKING AND DATA RELAY SATELLITE SYSTEP - VCL. 2) 
FINAL REPORT 
A/HILL, T. E. 

north AMERICAN ROCKWELL CCPP., CCWNEY* CALIF. (SPACE DlV.) 

AVA IL.NT IS HC $8.75 

/♦SATELLITE OE S IGN/*SP AC E C R AFT CQMMUN ICAT I ON/ ♦SP AC TCRA F T 
STRUCTURES/»TCR SATELLITES/ data TPANSMISSICN/ GROUND SUPPDkT 
equipment/ SPACE CGMMUNTCATICN/ SYSTEMS ENGINEERING 
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73N22821*# I SSUC 13 P \GF 1582 CATEGOPY 31 NA SA -C P- 1 3 02 1 7 
, SD-73-SA-001B-2-VQL-2 NAS5-217C5 73/CA/OO 251 PAGES LNCLASSIFILD 

•■CetUMENT 

TRACKING AND DATA RELAY SAT6LLITF SYSTEV CGNF IGUKAT 1 GN AAD TPAOEGFF 
STUDY. VCLUME 2 PART 2 TcLECGPPLMCATIONS DESIGN 

(DESIGN AND DEVFLOPWFNT UP TEL ECCMMUNI CA T I CNS EwUlPMENT FtR LSE WITH 
■^PACKING AND DATA P EL A Y SATFLL ITE SYSTEM ^ VCL. 2) FINAL REPORT 
A/HILL, T. p. : 

NORTH AMERICAN ROCKWELL C ORP . , DCWNE V , CALIF. (SPACE UIV.J 
AVAIL. NT IS HC $1A.75 

/^COMMUNICATICN EGUI PMF.NT/+SATELL I Tf TBANSMISSION/TTDK 

satellitfs/*telfcommunigatiun/ eclipment specificaticns/ satellite 

CCNFIGURATIUNS/ SPACE COMMON IC AT ICN/ SYSTEMS ENGINEERING 


73N?2R20^# ISSUE 13 PAGE 1582 CATEGORY 31 NAS A-C R- 1 302 1 6 

SD-73-SA-0013-l-vnL-l NAS5-217C5 73/C*/00 170 PAGES LNCLASSIFIED 

DOCUMENT 

TRACKING AND DATA RELAY SATELLITE SYSTEM CCNFI GUR A T I CN AND TRADEOFF 
study. volume 1 STUDY SUMMARY 

(DESIGN, development* AND CHAR ACTEk I ST iC S DF TRACKING AND DATA RELAY 
SATELLITE SYSTEM - VDl, l> FINAL REPORT 

A/HILL, T. E. 

NORTH AMERICAN ROCKWELL CCRP., DCWNEY, CALIF. (SPACE DIV.) 

AVA IL.NTIS HC SI 0.50 

/^SATELLITE CCNF I CUR AT lUN S/*S A TELL 1 TE TRANSVl S SI CN/*TD h SATELLITES/ 
DATA TRANSMISSION/ GROUNO SJPPCRT ECUIPMENT/ RELIABILITY ANALYSIS/ 
satellite ORHITS/ space CUMMUNICATICN/ SYSTEMS ENG I NEER I NG 


73N22802*# ISSUE 13 PAGE 1580 : CATEGbRYai NASA-CR-130222 
NAS5-2170A 73/0^/01 155 PAGES LNCLASSIFIED DGCUMENT 

TRACKING AND DATA RELAY SATELLITE SYSTEM CONFIGUKATICN AND TRADEOFF 
STUDY. VOLUMES SPACE SHUTTLE LAUNCHED TORSS. PART 2 FINAL 
REPORT, 22 AUGUST 1572 - 1 APRIL 1573 

(CONFIGURATION CATA AND DESIGN INFORMATION FDR SPACE StlLTTLE LAUNCH 
OF TRACKING AND DATA R EL AY S AT ELL IT E SYSTEM - VCL. 4) 

HUGHES A IRCR AFT CD . , EL SEGUNOC , CAL I F . ( SPACE AND GOMMUN ICAT I CNS 

GROUP. ) AVAIL. NT IS HC $11.75 

/♦RADin relay SYSTEMS/+SATFLLITE TRANSMI 5S I CN/»SPACE SHLTTLES/»TCR 
SATELLITES/ DATA TRANSMISSION/ SATELLITE NETWORKS/ SYSTEMS ANALYSIS/ 
TELECOMMUNICATION 


P AGE 
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73N22B01*# ISSUf 13 P^GE 1579 CaTEGCKY 31 NASA-C K- i 3022 1 
NAS5-2170A 73/0^/01 247 PAGES UNCLASSIFIED DOCUMENT 

TRACKING AND DATA RELAY SATELLITE SYSTEM CONFIGURATICN AND TRADECFE 
STUDY. VOLUME 3 ATLAS CENTAUR LAUNCHED TDRSS. PART 2 FINAL 
Rf-PGRT, 22 AUGUST 1972 - I APRIL 1973 

dCATA AND DESIGN I NFQRMATICN FOR ATLAS CENTAUR LAUNCHEU 
CON'-'IGURATION OF TRACKING AND DATA RELAY SATELLITE SYSTEM - VCL. 3) 
HUGHES AIRCRAFT CO., EL SEGUNDC, CALIF. (SPACE CCMMUN I CA T I CNS 
GROUP.) AVAIL. NT IS HC $14.5C 

/♦ATLAS CENTAUR LAUNCH VEHICLE/+RAOIQ RELAY S YST£MS/*SA T ELL 1 TE 
TRANSMISSIDN/«TDR SATELLITES/ DATA TRANSMISSION/ SATELLITE NETWORKS/ 
SYSTEMS ANALYSIS/ TELECOMMUNICATION 


73N22900*# ISSUE 13 PAGE 1579 CATEGCRY 31 NASA-CR-130220 

NAS5-21704 73/0^/01 305 PAGES LNCLASSIFIED DOCUMENT 

TRACKING AND DATA RELAY SATELLITE SYSTEM CONFIGURATION AND TRADEOFF 
STUDY. VOLUME 2 DELTA 2914 LAUNCHED TDRSS, CCNF IGUKAT ION 2. PART 2 
FINAL REPORT, 22 AUGUST 1972 - 1 APRIL 1973 

(CCNFIGURATIC’N DATA AND DESIGN DEVGLaPMENT FOR DELTA 2914 LAUNCHEC 
TRACKING AND DATA REL A Y SATELL ITE SYSTEM - VOL. 2) 

HUGHES aircraft CO., EL 5EGUNDC, CALIF. (SPACt COMMON ICAT I CNS 
GROUP.) AVAIL. NTIS HC $17,25 

/♦DELTA LAUNCH VEH IC LE/* R AD I 0 RE L A Y S Y S TEMS/ + SATELL I TE 
TRANSMISSION/*TDR SATELLITES/ DATA TRANSMISSION/ SATELLITc NETWORKS/ 
SYSTEMS ANALYSIS/ TELECOMMUNICATICN 


73N22799*# ISSUE 13 PAGE 1579 CATEGORY 31 NA SA-CR- 1 302 1 9 

NAS 5-21704 73/OA/Ol 80 PAGES LNCLASSIFIED OOCOMENT 

TRACKING AND DATA RELAY SATELLITE SYSTEM CONE IGURATIGN AND TRADECFE 
STUDY. VOLUME I SUMMARY. PART 2 FINAL REPORT, 22 AUGUST i‘^72 - I 

APRIL 1973 

(DEVELOPMENT OF TRACKING AND CATA RELAY SATELLITE SYSTEM CCNCEFT FOR 
SERVICE OF LOW, MEDIUM, AND HIGH CATA RATE USER SPACECRAFT - VCL. 1) 
HUGHES AIRCRAFT CO., EL SEGUNDC, CALIF. (SPACE AND CCMMUM C AT I CNS 
GROUP.) AVAIL. NTIS HC $6.00 

/♦CATA thanSMISSICN/^RAOIQ RELAY S V STEMS/^SATELL I T E 
TRANSMISSION/*TOR SATELLITES/ SATeLLITE NETWORKS/ SYSTEMS ANALYSIS/ 
T6LECCMMUNICATI0N 



73N20135*» ISSUE 11 PAGE 1255 CATEGORY 7 NASA-CR-1 30173 
ASAC-PR200Z2-6 NAS5-20110 71/Cl/CO 143 PAGES UNCLASSIFIEC 
COG UM ENT 

A CHANNEL SIMULATOR DESIGN STUDY 

(PROPAGATION PATH SIMULATOR FOR CHANNEL BETWeEN TRACKING AND DATA 
REL AY SATEl LITE AMD USER SPACECRAFT ) FINAL REPORT, JUN. - DEC. 1970 
A/OEVITD, D. M.; B/GOUTMANN, M. M. ; C/HARPER, R. C. 

MAGNAVOX CO., SILVER SPRING, MD. (GOVERNMENT AND I NDUSTR I AL DI V . ) 
AVAIL. NTIS HC $9.25 

/♦CHANNELS/*TDP. SATELLITES/*WAVE PROPAGATION/ EARTH ORBITS/ 
INDEPENDENT VARIABLES 
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?3N17l9l*i^ ISSUf 8 PAGE 8B8 CATEGORY 9 NASA-CK-13U170 R-4A03 
NAS5-20330 72/07/15 2A8 PAGES INCLASSIFIEn DOCUMENT. 

TOPS MULTIMODE TRANSPCNOER PROGRAM. PHASE 1 DESIGN 
(MULTIMODE TPANSPQNCERS '^OR TRACKING AND DATA RELAY SATELLITESI 
FINAL REPORT, 1 MAR. - 15 JUL. 1972 
A/CNOSSEN, R. S. 

MAGNAVOX RESEARCH LABS., TORRANCE, CALIF. AVAIL. NTIS HC $1A.50 
/*MOCULATICN/*RACIC FREULENCY INTERFERENCE/+TOR 
SAT£LLlTES/*TRANSPCNOERS/»VeRY HIGH FREQUENCIES/ AIRBORNE ECUIPMENT/ 
ENGINEERING DRAWINGS/ REAL TIME CPERATICN 


73NIA8^3*# ISSUE 5 PAGE 596 CATEGORY 30 NASA-TM-X-66134 

X-551-72-372 72/C9/CC 52 PAGES UNCLASSIFIED DOCUMENT 

CNE WAY AND TWO WAY VHF RANGING SYSTEM PERFORMANCE FOR TPACKING AND 
DATA RELAY applications 

(CNF WAY AND TWO WAY VHF RANGING SYSTEM PERFORMANCE FOR TRACKING AM) 
DATA RLLAY APPL IC AT ICNS ) 

A/BRYAN, J. W.; B/FILIPPI, C. A. B/(M.AGNAVOX CC.J 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION. GODDARD SPACE FLIGHT 
CENTER, GRFENBELT, MD. AVAIL. NT IS' HC $4.75 

SUBMITTED FOR PUBLICATION 

/★RANGEFINDING/+TOR SATELL ITES /*VER Y HIGH FREQUtNCIES/ MATHEMATICAL 
MODELS/ RANGE AND RANGE RATE TRACKING/ ROOT-MEAN-SwUAkE ERRCRS 


72N32181*# ISSUE 23 PAGE 3059 CATEGORY 7 NAS A-CR-l 30056 G-161-5 

NAS5-1C797 70/C7/00 12 PAGES UNCLASSIFIED DCCUMENT 

MULTIPATH ERRORS IN RANGE RATE MEASUREMENT BY A TORS/VHF - GRARR 
(RANGE RATE ERRORS DUE TO MULTIPATH REFLECTICN FOR TDK SATELLITE) 
A/SOHN, S. J. 

TELEDYNE AOCCM, CAMBRIDGE, MASS. AVAIL.NTIS HC $3.00 
/♦MULTIPATH TRANSMISSION/*RANGE AND RANGE RATE TRACK ING/^TDR 
SATELLITES/ ERROR ANALYSIS/ OCEANS/ SPECULAR REFLECTION/ WATER 
WAVES 


72N32180+# ISSUE 23 PAGE 3C59 CATEGORY 7 NASA-CR-130G57 G-16L-9 

NAS5-10797 70/04/23 29 PAGES UNCLASSIFIED DOCUMENT 

MODIFICATIONS OF THE WIDEBAND FM TORS SYSTEM 
(BROAOeANO FM SCHEME AND MODIFICATION FOR TOR SATELLITE) 

A/WACHSMAN. p. H, 

TELEOYNE ACCOM, CAMBRIDGE, MASS. AVAIL.NTIS HC $3.50 
/♦BROAPBAND/^FREQUENCY MQ0ULATICN/*T0R SATELLITES/ MULTIPATH 
TRANSMISSION/ RADIO FREQUENCY INTERFERENCE/ SPACECRAFT 
COMMUNICATION 
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72N32179*«f ISSUE 23 Pi\GE JCb9 CATEGORY 7 NASA-CK-I2.24fil G-161-2 

MAS5-10797 69/12/26 31 PAGES UINiCLA f. S I F I EE DOCUMENT 

MULTIPATH PERFUftMANCE 3F A TOPS SYSTEM EMPLOYING WIOLHANO FM VHF 
SIGNALS 

(APPROXIMATION OF pFFECTS CF SPECULAR REFLECTIlrN MULTIPAlh CN TOR 
SATELLITE. TQ USER LINK) 

A/SOHN, S, J.; B/GHAISf A. F. 

TELEDYNE ADCOM, CAMBRIDGE, MASS. AVAIL.NTIS HC 13.75 
/♦SPACFCRAFT COMMON IC A T I CN/*S PECUL A R R£ FlPCTIUN/*TCR SATELLITES/ 
eP'JACRAND/ DATA PROCESSING/ FREOCFNCY MODULATICN/ MULTIPATH 
TRANSMISSION 


72M32l78>t'A ISSUE 23 PAGE 3C59 CATEGORY 7 NASA-CR-1 3G05 5 G-161-F 

NAS5-10797 70/U/00 39 PAGES UNCLASSIFIED DOCUMENT 

MULTIPATH SIGNAL MOCFL DEVELGFMENT 

(DEVELOPMENT AND USE OF MAThEMATICAL MODELS OF SIGNALS FROM TOR 
SATELLITE) FINAL SUMMARY REPORT 

A/GHAIS, A. F.; 8/WACHSMAN, R. F. 

TELEDYNE ACCOM, CAMBRIDGE, MASS. AVAIL.NTIS HC 14.CC 
/♦MATHEMATICAL MODELS/*TCR SATELLITES/ SIGNAL PKCCESSING/ 

SPACECRAFT COMMUNIC AT ICN 


72N32177*/If ISSUE 23 PAGE 3C59 CATEGORY 7 NASA.-CR-130C54 G-161-4 

NAS5-10797 70/C7/CC L5 PAGES UNCLASSIFIED DCCUMENT 

MULTIPATH ERROR IN RANGE RATE MEASUREMENT BY 
PLL-TRANSPONDER/GRARR/TDRS 

(RANGE RATE ERRORS DUE TO SPECULAR AND DIFFUSE MULTIPATH FOR TOR 
SATELLITE) 

A/SOHN, S. J. 

TFLFDYNE AOCOM, CAMGR IOG5 , MASS . AVAIL.NTIS HC 13.0C 
/♦MULTIPATH TRANSMISSICN/^RANGE AND RANGE RATE TRACKING/*SPECULAR 
_ REFLECTION/«'TOR SATELLITES/ ERROR ANALYSIS/ PHASE LCCKEO SYSTEMS/ 
TRANSPONDERS/ WAVE SCATTERING 


72N2823I*# ISSUE 19 PAGF 2535 CATEGCRY 9 NAS A-CR-130C97 
ASA0-PR2C026-4 MAS5-20209 71/12/02 183 PAGES UNCLASSIFIED 

DOCUMENT 

A OSEUDC'-NOISE TRANSPONDER DES I GN FOR LOW DATA RATE LSEkS CF The 
TRACKING AMD DATA RELAY SATELL ITE SYSTEM 

(DESIGN AND DEVELOPMENT DF PSEUDC-NOISE TRANSPONDER FCR LCW DATA 
RATF USERS OF TRACKING AND DATA RELAY SATELLITE SYSTE.M) FINAL REPORT 
A/BIRCh, J . N. 

MAGNAVQX CD., SILVER SPRING, VQ. (GOVERNMENT AND INDUSTRIAL DIV.) 

AVAIL.NTIS HC $11 .25 

/^ELECTRONIC EGUIFMENT/*SPACE CCMMUNIC ATICN/»TOR 
SATELLITES/*TRANSPCN'0ERS/ antenna RADIATION PATTEkNS/ CVTA 
TRANSMISSION/ FUUIPMENT SP EC I F ICA T ICN5 
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72h25772+# ISSUE 16 P/VGc 2202 CATEGORY 7 72/CO/OC 5 PAGES 
UKCLASSiri^D UnCUMENT 

KU-3AND HIGH GAIN ANTENNA 

(FOUR ELEMENT ANTENNA ARRAY AS GROUND SUPPORT FOR SUPERHIGH 
FRECUENCY downlink FRCM SATELLITE) 

A/DEERKOSKI, L. F. 

NATIONAL AERONAUTICS AND SPACE ADM I N I STRAT I ON^ GODDARO SPACE FLIGHT 
CENTER, GREENOELT, MC , AVAIL. NTIS HC $3.00 

IN ITS SIGNIFICANT ACCCMPL I SHR ENT 5 IN TECHNGL., GSFC, 1S7G P 
7A-78 (SEE N72-25755 16-30) 

/♦ANTENNA ARRAYS/*SATELL ITE T R AN SMI SS I CN/*SUPERH IGH 
FREQUENC1ES/*TDR SATELLITES/ GRGUNC SUPPORT SYSTEMS/ MULTICHANNEL 
COMMUNICATION 


lZH22lQb*U ISSUE 13 PAGE 1730 CATEGORY 11 PAPER-78 72/00/00 
10 PAGES UNCLASSIFIED DOCUMENT 

STADAN AND DATA RELAY SATELLITE SIMULATION (EMPHASIS CN THE 
SCHEDULER) 

(TWO COMPUTER PROGRAMS TO SIMULATE OPERATION OF STADAN AND DATA 
RELAY SATELLITES) 

A/KERNE, B.; B/SHUSTERMANN , N.; G/PEASE, P. A/ ( OPERA T I CN S RES., 
INC.); B/(OPERATIONS RES. INC.) 

national AERONAUTICS AND SPACE ADMINISTRATION. GUODAKD SPACE FLIGHT 
CENTER, GREEN8ELT, MD. AVAIL. NTIS ; SOD $4.50 AS NAS 1-21 298 

IN ITS SPACE SIMULATICN P 899-908 (SEE N72-22250 13-11) 
/♦COMPUTER PROGRAMS/*COMPUTERIZ?D S I MULAT I QN/^ ST AD AN ( SAT ELL I TE 
TRACKING NETWORK)/^TDR SATELLITES/ CCiNFFPENCES/ DATA SYSTEMS/ GROUND 
STATIONS/ RADIO RELAY SYSTEMS/ SC P EDU;. i'MG/ TELEMETRY 


72N12086*# ISSUE 3 PAGE 301 CATEGORY 7 NASA-CR-122295 ESL-TM239 

NAS5-20228 71/08/19 99 PAGES UNCLASSIFIED DOCUMENT 

CCMMUNICATION performance CVER the TORS MULTIPATH/INTERFERENCE 
CHANNEL 

(MCCEL-S APPLIED TO PREDICT COMMUNICATION SYSTEM PERFORMANCE FOR 
ATFCPAFT/TPRS AND METECROLOG IC AL S ATEL L I TE /TORS RELAY) 

A/JF\NY, J. ; e/GAUSPELL, D.; C/SHAFT, P. 

F5L, INC., SUNNYVALE, CALIF. (ELECTROMAGNETIC SYSTEMS LABS.) 
AVAIL.MTIS 

/♦performance PREDICTION/^SPACE COMMUNICATION/^TDR SATELLITES/ 

AIF CRAFT/ METECROLOGICAL SATELLITES/ RADIO FREQUENCY I NT ERF FR ENC E/ VERY 
HIGH FREGUENCIES 


_.72N120B2*# ISSUc '3 PAGf: 3G1 CATLoOkY 7 NAv b ^ -Ck -1 22 2 G-181-F 

NAS5-2C225 71/07/C0 211 PAC5.S UNC-L A t S I k I E 5i DuCUMu NT . 

DESIGN AND PERFORMANCF. EVALUATICN OF A .WIDEBAND FV SPRt AC-SPECTPUM 
T'ULTIPLE-ACCESS system, 

(DESIGN AND EVALUATION OF WIDEBAND FM SPPFAC-SP6CTKUM MULTIPLE 
'ACCESS SYSTEM WHICH PERFCaiMS TRACKING AND CC MMUNI C AT I U NS FUNCTICNS CF 
_ TOR SATELLITE SYSTEM) FINAL PEPCPT, MAR. - JUL. 1971 
A/WACHSMAN, R, H.; B/GHAIS, A. F. 

ACCOM, INC., CAPBRICGE, MASS. AVAIL. NTIS 
/♦frequency M00ULATICN/*MULTIPATH TkANSMISSIQN/*TDR SATELLITES/ 
BROACHAND/ PHASE LOCKED SYSTEMS/ RADIO FREQUENCY 1 NTERFEkENCE/ SIGNAL 
TC NOISE RATIOS 


71N15377+# ISSUE 5 PAGE 772 CATEGORY 31 NASA-TM- X-6 5-^08 
^ X-751-70-4A5 70/10/00 10 PAGES UNC LA SS I F I E D DOC OMEN T 

LINEAR REPEATER DESIGN FOR THE GSFC MARK 1 TRACKING AND CATA RELAY 
SATELLITE 

(LINEAR REPEATER DESIGN FOR TRACKING AND DATA RELAY SATELLITE 
SYSTEM) 

A/HEFFERNANi P. J. 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION. LEWIS RESEARCH 
CENTER, CLEVELAND, OHIC. AVAIL. NTIS 

PRESENTED AT THE UMR-MERVIN J. KELLY CCMMUN. CONF., ROLLA, MC., 
5-7 OCT. 1970 

/♦RADIO T ELEME TH Y/ *PEPE A TERS/+ SATELLITE NETWURKS/*SYNCHPCNCUS 
SATELLITES/ CGMMUN I C AT ION SATELLITES/ CONFERENCES/ LINEAR CIRCUITS/ 
NETWORK ANALYSIS/ RADIC FRFQLENrv INTERFERENCE/ TOR SATELLITES/ VERY 
HIGH FREQUENCIES 


71N1A597^# ISSUE b PAGE 77C CATEGORY 31 NA SA -TM- X-6b<' 00 
X-751-70-361 70/1C/0C l<i PAGES UNCLASSIFIED DOCUMENT 

THE ATS-F/NIM8US-F TRACKING AND CATA RELAY EXPERIMENT 
(ATS-F NIMBUS E TRACKING AND CATA RELAY EXPFRIM£NT)A 
A/HEFFERNAN, P. J.; B/PICKARD, R. H. 

.. NATIONAL AERONAUTICS AND SPACE ADMINISTPATION. iGQODARD SPACE FLIGHT 
CENTER, GRFENBELT, MD. AVAIL.NTIS 

PRESENTED AT THE 7TH ANN. AIAA MEETING AND TECH. DTSPLAV, 

_ HOUSTCN, TEX., OCT. 1970 

/♦ATS 6/*DATA TRANSMISSICN/^MISSIDN PLANNI NG/^Nl MBLS 5 

satellite/^satellite netw’JRKs/*satellitc tracking/ experimental design/ 

.. RADIO RELAY SYSTEMS/ RANGE AND RANGE RATE TRACKING/ RELAY SATELLITES/ 
SYNGHPONOUS SAT'^LLITES/ TOR SATELLITES 
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71I-!513B8* issue ^ PAGE 16C CA 
1109 72/06/22 I PAGES FORTRAN 

SATELLITE TRACKING PROGRAM 
(N-SUBSATELLITE TRACKING PROGRAM 
TRAJECTCRIFS, TRACKING STATION CONF 
MANAGEMENT! 

A/POBERTSON 

NATIONAL AERONAUTICS ANC SPACE A 
CENTER, HUNTSVILLF, ALA. TOTAL CC 
N.A. MAN«M0NTHS/MACHINE HOURS 
SHARING STATUS YES 
/♦DATA MANAGEMENT/ *HE AO/ ♦SATELL 
EQUATIONS OF MOTION/ FORTRAN/ RUNGE 
UNI VAC 1108 COMPUTER 


TERMINAL=A8 

TECORY 30 E-MSF-310660 UNIVAC 

IV UNCLASSIFIED DOCUMENT 

DEALING WITH PROPOSED HEAO-C 
IGURATICN PERFORMANCE, AND DATA 


CMINISTRATION. MARSHALL SPACE FLIGHT 
ST $1,CS7.00 
0. 5/1.0 N.A. 

ITE TRACKING/*TRACKING STATIONS/ 
-KUTTA METHOD/ TRAJECTORY ANALYSIS/ 


71M51l62--> ISSUE 2 PAGE 132 CATEGOP 21 e-MSF-301200 IBM 7094 

71/09/13 1 PAGES FORTRAN IV; MARV UICLASSIFIEO DOCUMENT 

HIGH ENERGY ASTRCNCMV OBSERVATCRY (HEAD SIMULATICN 

(CLOSED LOOP performance SIMULATICN OF ATTITUDE SENSING AND CGNTROL 
SYSTEM FOR HIGH ENERGY ASTPONCMY OBSERVATORY) 

A/PUBEPTSON 

N'ATIONAl A'^RONAUTICS AND SPACE ADMINISTRATION. MARSHALL SPACE FLIGHT 
CENTEPf HUNTSVILLE, ALA. TCTXL CCST $16,833.00 

N.A. MAN-MONTHS/MACHINE HOURS 4,5/13C.O MAY 1971 SHARING 
STATUS YES 

/♦ATTITUDE CnMTPCL/*CCMPtTERI ZEC S I MULA T I CN/*F LE C6 AC K 
CjNTROL/^Ht-AO/ FORTRAN/ IBM 7C94 CCMPUTFR/ MAGNETIC FIELDS/ 

MATHEMATICAL MUDELS 


73X78695^ NASA-CR-124336 L M SC- A c 76-RE V - 1 NAS8-26492 

PAGES UNCLASSIFIED DOCUMENT GOVT.<- CONTR, 

HIGH ENERGY ASTRONCMY OeSERVATORY, MISSICNS A AND B, PHASE 
APPENDIX 7 fIRBIT ADJUST STAGE CATA 
A/EVERSON, C. T. 

LOCKHEED MISSILES AND SPACE CO., SUNNYVALE, CALIF. 
/*HEAO/«SPACECRAFT COMPCNENT S Z+SP ACECP AFT DESIGN/ EUUIPME 
SPECIFICATinNS/ SPACECRAFT CCNFIGURATIONS/ SYSTEMS ANALYSIS 


71/05/21 


G/D. 


73X78695* N A SA-TM-X- 6951 3 68/GO/OQ 61 PAGES UNCLASSIFIED 

CCCUMENT NASA 

HIGH energy ASTPCNCMY OBSERVATCRY, PHASE C/D. STATEMENT CF WORK FCR 
MISSIONS A ANC 3 

NATIONAL AERONAUTICS AND SPACE ACM I N I STRA T I CN. MARSHALL SPACE FLIGHT 
CENTER, HUNTSVILLE, ALA. 

/*HEAC/*SPACECP AFT CCMPONENTS /*SPACECR AFT 
CONFlGUPATiaNS/*SPACECRAFT ELECTPCMC EQUIPMENT/ GROUND SUPPORT 
rQUlPMFMT/ QUALITY CONTROL/ RELIABILITY ANALYSIS/ SYSTEMS 
ANALYSTS 
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73X73<(81# AO-903080L GIDEP-347.95.00.00-S6-A5 APL-CP-OGl 71/0,6/00 

138 PAGES UNCLASSIFIED DOCUMENT GGVT. AGCV. 

MAGNETIC ATTITUDE CCNTROL SYSTEM FOR H6A0 FINAL REPORT 
A/MOBLEY, F. F.; B/TOSSMAN, B. E. 

APPLIED PHYSICS LAB., JOHNS HOPKINS UNIV., SILVER SPRING, MO. 
/♦ATTITUDE CONTSOL/*HeAO/*MAGNETIC CGNTFOL/*SCIENTIF IC SATELLITES/ 
GAMMA RAYS/ MAPPING/ ORBITAL MECHANICS/ X RAYS 


73X70691* NASA-CR-130AA6 CAL-1173 NGR-33-C08-158 72/12/00 29 

PAGFS UNCLASSIFIED OCCUSFNT NASA 

MOSAIC crystal DEVICES FOR STELLAR AND SOLAR X RAY SPECTROSCOPY AND 
PCLARIMETRY semiannual status REPORT, 1 MAY - 31 OCT. 1972 

A/NOVICK, R.; B/ANGEL, J. R. P.; C / WE I S SKOPF , M . C.; D/WOLFF, R. 
S. 

COLUMBIA UNIV., NEW YORK. (ASTROPHYSICS LAB.J 

/♦photoelectricity/*polar imetry/*x ray astroncmy/*x ray inspection/ 

CRYSTALS/ graphite/ HEAC/ RHCDIUM 


73X70050* NASA-CR-12S608 TM-323-UA NAS8-2e6i2 
72/10/06 182 PAGES UNCLASSIFIED DOCUMENT NASA 

magnetic TAPE RFCORDER/REPRODUCER FOR THE HIGH ENERGY ASTRGNCMICAL 
observatory program final REPORT 

LEACH CORP., AZUSA, CALIF. (CCNTPOLS DIV.) 

/=^HFAO/*TAPE RECORCERS/ MATHEMATICAL MODELS/ STRESS ANALYSIS/ 
SYSTEMS ENGINEERING/ TRADEOFFS 


72X79346* NASA-TM-X-6858A SR-4 72/G8/11 i 26 PAGES UNCLASSIFIED 
DOCUMENT NASA 

HIGH ENERGY ASTRCNCMICAL OBSERVATORY (HEAD) EXPERIMENT ACR-6 MASS. ■ 
PROPERTIES (MSFC PeSPQNSlBlLlTY) 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION. MARSHALL SPACE FLIGHT 
CFNTER, HUNTSVILLE, ALA. 

/♦HEAO/*MASS/*WEiGHT ANALYSIS/ TABLES (DATA) 


72X77347* N AS A-CR-12 71 40 NAS7-811 72/05/25 48 PAGES 

UNCLASSIFIED DOCUMENT NASA 

SUBMITTAL OF DATA FINAL FLIGHT REPORT, HE0S-A2 
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HIGH ENERGY ASTRCNCMY OBSERVATORY. VOLUME 1 - E XECUTI VE SUMMARY 
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FEASIBILITY STUDY OF A HIGH eNERGY ASTRONCMY OBSERVATORY /HEAC/ 
SPACECRAFT. VOLUME I - SUMMARY REPORT 

(CONCEPTUAL DESIGN OF HIGH ENERGY ASTRONOMY OBSERVATORY SPACECRAFT 
^ AND SUBSYSTEMS - VOL. 1) 

A/OUFFIE, J. M.; B/WATSON* R. C., JR. (AAED. ABED. I 
BROWN ENGINEERING CO., INC.t HLNTSVILLEf ALA. (SCIENCE AND 
_ ENGINEERING GROUP.) 

/^HEAO/*SPACECRAFT CCMPONENTS/wSPACECRAFT DESIGN/ ASTRCNCMY/ 
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EFFECTS OF the MAGNETIC SPECTRCMFTER EXPERIMENT ON HEAU-B AND HEAC-D 
SPACECFAFT SUMMARY REPCRT 

(EFFECTS OF MAGNETIC SPrCTRCMETCR EXPERIMENT C.m OPEkATICN OF HEAC-6 
AND HFAO-D SPACECRAFT) 

A/DUFFIE, j. m.; b/rosner, H. P.; C/SCARBORUUGH , J. M. 

TFLtDYNF BROWN ENGIN'FERING, HUNTSVILLE, ALA. (RESEARCH AND 
ENGINEERING DFPT.) 

/*hEA0/*MAGN6TIC SPECTPOSCCPY/^SPAGECRAFT PERFCRMaNCE/ field ccils/ 
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74W70651 188-46-64 

ASTROPHYSI CAL I NVES T I GAT I C N S CN THE SPACE SHUTTLE 

GPP, A. G. 202-155-3698 

NATIONAL AERONAUTICS AND S PACE ACM I N I ST R A T TON , rtASHiNGTCN, D.C. 

THE SPACE SHUTTLE REPRESENTS THE NEXT MAJOR DEVELOPMENT CF A FLIGHT 
CPPCRTUNITY in high energy astrophysics BEYOND HEAO. THE CCNCFPTS AND 
PARAMETERS FOR THF NEXT GENERATICN CF SPACECRAFT INSTRUMENTATION HAVE 
6FGUN TO EVOLVE FROM THE SPACE SHUTTLE WORKING GROUP. MOST CF THE 
INSTRURENTATICN EXISTS IN CONCEPTUAL FORM ONLY. IN ORDER TO ASSURE THAT 
THE INSTRUMENTS ARE CEVELOPEC AND TES T FD ON A T I Mt SCALE CCRMENSURATE 
WITH THE FLIGHT SCHEDULES OF THE SHLTTLE, IT IS NECESSARY TC BEGIN AT 
THIS TIME THE SUPPORT CF SEVERAL INVESTIGATORS WHO ARE INTERESTED IN 
CARRYING OUT SUCH INVEST I GAT ICNS CN THE SHUTTLE. THE FUNDS PCCVIOFC 
UNDER THIS RTOP WILL SUPPORT THE OEVELCPMENT OF VERY HIGH ENERGY 
CHARGED particle DETECTORS, LARGE GAMMA RAY DETECTORS AND THE STUDY CF 
DISCIPLINE UNIQUE REQUIREMENTS, WHICH MIGHT BE PLACED CN a SHUTTLE 
FAC IL ITY. 

/ ASTROPHYSICS/ GAMMA RAYS/ H E AO/ RAD I A T I CN GOUNTEF S/ RADIATICN 
CETECTOPS/ SATELLITE-BCRNE INSTRUMENTS/ SPACE SHUTTLES 
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/*HEAC/>!'PROPOPTIONAL COUNTER S /♦RAC I AT I CN DETECTORS /♦ SATELL I TE-BCRNE 
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73A18016* ISSUE 6 PAGE 743 CATEGORY 29 72/01/25 17 PAGES 

unclassified document 
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A/AUDOUZE, J.; B/MENEGUZZI, M. 
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(A72-33726 16-29) LYNGBY, DENMARK, DANISH SPACE RESEARCH INSTITUTE, 
1971, P. 99-114; DISCUSSICN, P. llA-Hf. 
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ADVANCED X-RAY OBSERVATORIES. 
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72A21215 ISSUi^ 6 PAGE 1227 CATEGORY 29 72/02/14 3 PAGES 

UNCLASSIFIED DOCUMENT 

HIGH ENERGY GAMMA RACIATICN FRCM THE REGICN OF CYGNUS-CA SS lOPE I A . 
(HIGH ENERGY GAMMA RACIATICN INTENSITY FRCM GALACTIC PLANE IN 
CYGNUS-CASS lOPEIA REGICN, USING R ALLOON-BORNE TELESCOPE) ' 

A/SFOUNTNG, R.; B/RAMSDEN , D . ; C/ WR I GHT , P. J. C/ (SGLTHAMPTCN , 
UNIVERSITY, SOUTHAMPTON, ENGLAND) 

NATURE PHYSICAL SCIENCE, VCL. 23S, FEB. 14, 1972, P. 12B-130. 
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72A17891 ISSUE 6 PAGE 873 CATEGORY 29 72/02/Cl 8 PAGES 

UNCLASSIFIED DOCUMENT 

POSSIBLE OBSERVATICN OF HIGH-ENERGY GAMMA RAYS FRCM THE CYGNUS 
REGICN. 

(HIGH ENERGY GAMMA RAYS FRCM CYGNLS REGION, USING BALLCCN FLIGHT 
MEASUREMENTS VgITH SPARK CHAMBER TELESCOPE) 

A/NIEL, M.; B/VEDRENNE, G.; C/80UIGUF, R. 8/(T0ULCUSE, 
UNIVEPSITE, TOULOUSE, FRANCE); C/(TOULOUSE, OBSERVATO IRE , TCULCUSE, 
FRANCE) 

ASTPOPHYSICAL JOURNAL, VOL. 171, FEB. 1, 1972, PT. 1, P. 529-536. 
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UNCLASSIFIED DOCUMENT 

RECENT PROGRESS AND FUTURE PROSPECTS IN HIGH-ENERGY ASTRONOMY. 
(HIGH ENERGY X RAY AND GAMMA RAY ASTRCNCMY FOR GALACTIC AND 
EXTRAGALACTIC OBSERVATIONS, NOTING SAS SATELLITE AND HEAC PRCGRAM) 
A/FRIEDMAN, H. A/tU.S. NAVY, E. 0. HULBURT CENTER FCR SPACE 
RESEARCH, WASHINGTON, D.C.) 

ASTRONAUTICS AMC AERONAUTICS, VCL, 10, JAN. 1972, P. 24-28. 
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DEFINITION STUDY CF X-RAY BACKGRCUND EXPERIMENT ON HEAO-A 
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A/BLAKE, R. L* 

CHICAGO UN IV., ILL. (LAB. FOP ASTROPHYSIGS AND SPACE RESEARCH, I 
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